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Abstract:  

Novel Interactions of Volatile Anaesthetics on O2 Sensing and              
TASK Channels in Carotid Body Type-1 Cells.  

Nicky Huskens, Wolfson College, Trinity Term 2015 
DPhil in Physiology, Anatomy and Genetics 

 
Hypoxia elicits a carotid body-mediated increase in minute ventilation, called the 

chemoreflex. Volatile anaesthetics depress this chemoreflex, even at sub-anaesthetic doses. 

The broad aim of this thesis is to explore how these anaesthetics act on carotid body 

mechanisms to depress the chemoreflex. The agents studied in this thesis are halothane (a 

potent depressant of this reflex), isoflurane (a less potent depressant) and sevoflurane (a weak 

depressant).  

Intracellular Ca2+ measurements, mitochondrial NADH and potential measurements, and 

single channel electrophysiology studies were performed on a primary culture of rat carotid 

body type-1 cells and HEK cells transiently expressing TASK channels. Cells were exposed 

to hypoxia and/or volatile anaesthetics.  

The results reveal that on all levels studied, the same order of potency of anaesthetics was 

observed as seen in human ventilatory studies. Volatile anaesthetics depress the hypoxia 

evoked Ca2+ entry in the carotid body and increase the activity of K+ background channels 

both in glomus and HEK cells expressing TASK. Furthermore, on all levels studied, when 

halothane and isoflurane were applied as a mixture, the effect evoked by the mix was of a 

lesser magnitude than that of the halothane alone, revealing a novel sub-additive observation, 

which has not been previously reported in the literature.   

The anaesthetic action of glomus cells was not exclusive to the TASK channels as application 

of all three anaesthetics evoked an increase in mitochondrial NADH and caused 

mitochondrial depolarization in glomus cells. These effects of anaesthetics on mitochondria 

mimics the effects of hypoxia, the implications of which are discussed in this thesis. Two 

novel TASK blocking agents A1899 and PK-THPP were able to decrease glomus cell TASK 

channel activity, even in the presence of a clinically relevant concentration of isoflurane. 

These agents may be promising as future respiratory stimulants 
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1.1 Structure 

This thesis focuses on how volatile anaesthetics act on oxygen sensing cells in the carotid 

body. The main aim is to gain further insight into how these anaesthetics act on, and interfere 

with, different mechanisms in the carotid body that are involved in oxygen sensing. Although 

most of the chapters investigate the anaesthetic and oxygen sensing pathways, the final part 

focusses on two novel TASK blocking compounds that show potential to overcome some of 

the undesired effects that anaesthetics have on the carotid body. 

This introduction is divided into three main sections:  

The first section addresses the clinical background regarding the use of volatile anaesthesia 

during surgery and introduces the volatile anaesthetics to be researched. There will also be an 

overview of how our understanding of the mechanism of action of volatile anaesthetics has 

evolved over the past 100 years. The section will conclude with an overview of hypoxia in 

the peri-operative environment and highlight the clinical reports showing that anaesthetics 

interfere with acute ventilatory response to hypoxia. 

The second section focuses on the carotid body anatomy and discusses the excitation in 

response to hypoxia. These are the events that are well established and agreed upon in the 

literature. The second section will also elaborate on the different hypotheses of oxygen 

sensing in the carotid body 

The third section will review the characteristics of the 2 pore K+ channel (K2P) family and 

will elaborate in further detail on the TASK channels in the carotid body. The section finishes 
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with an overview of what is known about the interaction between volatile anaesthetics and 

TASK channels. 

The introduction will end with further explanation and justification for the experimental 

chapters in this thesis, together with the detailed aims for this chapter. 

1.2 Volatile anaesthesia and hypoxia 

1.2.1 The use of volatile anaesthetics during surgery  

Modern surgery would be impossible to conduct without general anaesthesia. As Franks 

wrote: ‘Every year, tens of millions of patients are exposed to general anaesthetics, drugs that 

remove the most precious human attribute - consciousness’ (Franks, 2008). General 

anaesthetics are a mix of agents that have the ability to achieve analgesia, unconsciousness, 

immobility and amnesia. General anaesthetics have been used in medical procedures for 

approximately 160 years. Interestingly, despite its longstanding and widespread use, the 

mechanism of action of anaesthetics is still not completely elucidated, even though research 

in this area has been performed for over 100 years. This lack of complete understanding 

makes volatile anaesthesia all the more intriguing. 
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Nowadays, there are a number of different categories of anaesthesia available with quite 

some choice within each category. The mixture and type of anaesthetic can be adapted to the 

intended surgery and to the clinical, physiological and pathological condition of the patient in 

order to achieve the best outcome. Anaesthetics can be classified into intravenous 

anaesthetics; local and regional anaesthetics; and inhalational anaesthetics. The latter will be 

the main subject of this thesis (Schuttler and Schwilden, 2008). 

The first inhalational anaesthetics were ether and chloroform. Ether is an airway irritant and 

also highly flammable, and is notorious for having caused fire in a significant number of 

procedures. Similarly, chloroform turned out to be very toxic and had an unacceptably high 

mortality rate. Therefore scientists looked for better and safer inhalational agents in the 1930s 

(Booth and Bixby, 1932). Following a paper published by Robbins on anaesthetic properties 

of fluorinated hydrocarbons, three fluorinated compounds were introduced into clinical 

practice (Robbins, 1946, Terrell, 2008). Amongst those three agents was halothane (2-bromo-

2-chloro-1,1,1,-trifluoroethane), which quickly became the most used agent because of its 

potency and non-flammability. The major problems with halothane were its myocardial 

depression, negative inotropic effect (Schmidt et al., 1994) and hepatotoxicity; hence 

halothane is rarely used nowadays. 

Later studies in the 1960s and 70s identified halogenated methyl ethyl ethers amongst which 

were enflurane, isoflurane, sevoflurane and desflurane (Terrell, 2008). Isoflurane is a l-

chloro-2,2,2-trifluoroethyl difluoromethyl ether that was discovered in 1965 and was Food 

and Drug Administration (FDA) approved in 1979. Following approval, isoflurane was 



6 

 

introduced in the US, quickly becoming highly used (Evers et al., 2011). Isoflurane is still in 

frequent clinical use today. 

Sevoflurane (fluoromethyl 2,2,2-trifluoro-1-(trifluoromethyl) ethyl ether) is also a frequently 

used anaesthetic in the UK. Sevoflurane was first synthesized in 1968 and its potential use 

was published in 1971 (Wallin R.F., 1971, Smith et al., 1996). It was first released for clinical 

use in 1990. A summary of some basic properties of halothane, isoflurane and sevoflurane 

can be found in Table 1.1. 

Figure 1.1: Molecular structure of halothane isoflurane and sevoflurane. 

 

Table 1.1: Basic properties of halothane, isoflurane and sevoflurane. Table based on (Nathanson 1996), 

(Bovill, 2008), (Evers et al., 2011) *Human MAC in this table is defined as: the minimum alveolar 

concentration of an anaesthetic at one atmosphere ambient pressure that suppresses gross movement in response 

to a defined painful stimulus in 50% of subjects. 

 Halothane Isoflurane Sevoflurane 

Boiling point (qC) 50.2 48.5 58.6 

MAC (humans) (%)* 0.75 1.17 1.71 - 2.05 

Blood:gas partition 

coefficient 

2.4 1.43 0.69 

Molecular weight 197.4 184.5 200.5 
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Characteristic of volatile agents like halothane, isoflurane and sevoflurane is their ability to 

rapidly induce loss of consciousness. On their own however, these agents lack sufficient pain 

relief and therefore an analgesic, such as an opioid, is commonly co-administered during the 

surgical procedure (Bovill, 2008).  

The most recent survey conducted in the UK (NAP5) regarding the use of anaesthetics found 

that, for most adult patients, loss of consciousness is induced by an intravenous agent, 

(propofol in 88% of UK cases) after which it is switched to a vapour agent (in 92% of the 

cases). Sevoflurane is the most commonly used vapour agent (58.5% of all vapour agents). In 

90% of all surgeries, patients also receive opioids (Sury et al., 2014). Therefore general 

anaesthesia-induced loss of consciousness in the modern day consists of a mixture of 

different agents (an induction agent, a maintenance agent and an opioid). 

1.2.2 The development of our understanding of the mechanism of action of volatile 

anaesthetics 

One of the first inhalational anaesthetics to be described and administered was diethyl-ether 

and nitrous oxide, with reports and letters describing these agents dating centuries back. Ether 

was mentioned by Paracelsus in 1500s and later in 1729 by Frobenius, who published an 

article named ‘An Account of a Spiritus Vini Æthereus, Together with Several Experiments 

Tried’. In this paper Frobenius describes ether as a flammable but fragrant substance, able to 

dissolve in many different oily solutions (Frobenius, 1729, Bovill, 2008). It was not until the 

1840s following the first public demonstration of ether anaesthesia during removal of a neck 

tumour at Massachusetts General Hospital in Boston, that the use of this agent as an 

anaesthetic became widely introduced. The use of ether was then published in 1846 in the 
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Boston Medical and Surgical Journal by Bigelow who reported the use of ether as an 

anaesthetic for surgical procedures such as leg amputations (Bigelow, 1846). Shortly after 

that, anaesthesia with ether, nitrous oxide and chloroform was rapidly introduced and used 

for surgery. 

Following the publications indicating the use of these agents for surgery, the research on the 

mechanism of action of general anaesthesia really started. Von Bibra was the first, proposing 

a mechanism of anaesthetic action in 1847. He hypothesised that the agents dissolve in the 

fatty part of the brain and change brain activity (Harless and Von Bibra, 1847). 

Within two years of each other Meyer and Overton published independently (1899 and 1901) 

a theory inspired by the work from Von Bibra, which then became known as the Meyer and 

Overton theory of anaesthesia. This theory is based on the fact that the more lipid soluble the 

agent is, the more potent the anaesthetic is, and that there is a near linear relationship between 

the potency and the oil partition coefficient (in which the olive oil was the approximation of 

the brain cell fatty acids). This hypothesis was based on experiments in which Meyer 

determined the concentration of agent needed to observe ‘atypical’ behaviour in tadpoles, 

which was then compared with the lipid partition coefficient (Meyer, 1899, Overton, 1901).  

This theory explains that the anaesthetic effect comes from non-specific perturbation of the 

lipid bilayer in neural cells, which is a physical-chemical interaction rather than interaction 

with receptors. For a long time through the 1900s this theory remained very popular and can 

be found in textbooks explaining the mechanisms of action of general anaesthetics. 
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However, this slowly changed when certain limitations of this theory came to light (Franks 

and Lieb, 1982). Franks and Lieb in the 80s were testing a novel hypothesis, suggesting that 

anaesthetics act on proteins. Franks showed that the activity of the soluble firefly luciferase 

can be inhibited by up to 50% at clinically relevant concentrations of anaesthetics such as 

halothane (Franks and Lieb, 1984).  Moreover, there was competition between luciferin (the 

substrate) and halothane for binding. The authors proposed the novel theory that anaesthetics 

compete with endogenous ligands for binding to target proteins.  

In 1988 Franks and Lieb first identified a novel anaesthetic-activated K+ current in the pond 

snail (lymnea stagnalis), which it later turned out was mediated by K2P channels (Franks and 

Lieb, 1988, 1991, Andres-Enguix et al., 2007). Thus the link between anaesthesia and 

channel interaction was initiated. Following this, considerable progress was made as more 

anaesthetic mediated currents were identified. This was then followed by the cloning and 

identification of the responsible channels. This was not exclusive to K+ channels, but also 

other channels including γ-aminobutyric acid ligand-gated ion channel (GABA type A 

receptors), Na+ channels and N-methyl-D-aspartate (NMDA) receptors were being identified.  

Another piece of evidence against the lipid-pertubation hypothesis was also provided by 

Franks and Lieb in 1991. The authors demonstrated stereo-selective effects of the optical 

isomers of isoflurane on neuronal ion channels (Franks and Lieb, 1991). This further supports 

the protein/channel binding hypothesis as isomers should not have differential effects if their 

sole effect was a nonspecific effect of lipid-pertubation.  
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Franks’ theory is thus different from the Meyer-Overton hypothesis in that according to the 

latter hypothesis, anaesthetics are thought to behave additively, whereas according to Franks’ 

theory, anaesthetics should compete. However, to date, competition for a binding site 

between two volatile anaesthetics has not been demonstrated and only additive (or 

synergistic) interactions between agents have been reported (Hendrickx et al., 2008, Jenkins 

et al., 2008). 

 

Similarly, targets have been identified for intravenous anaesthetics such as propofol and 

etomidate. Hales and Lambert (1991) studied bovine chromaffin cells and rat cortical 

neurones in cell culture and reported that propofol can potentiate the actions of GABA on 

GABA(A) receptors. Their single channel recordings revealed that although propofol had no 

significant effect on GABA single channel conductances, it greatly increased the probability 

of a single channel being in the conducting state. Other interesting evidence was found by 

Davies et al. (1997), who identified a human GABA(A) receptor subunit (epsilon) that can 

assemble with alpha- and beta-subunits and so confer an insensitivity to the potentiating 

effects of intravenous anaesthetic agents. In the same year, Belelli et al. (1997) also 

investigated the GABA(A) channel and its different subunits and reported a point mutation 

which strongly supressed GABA-modulatory effects of etomidate on the channel. These 

results together also show that ion channels are targets of intravenous anaesthetics.  

To date, there are many channels identified that are modulated by anaesthesia. Examples 

include: Na+, K+, Ca2+, GABA type a receptors, glycine and NMDA receptors. The most 

important channels seem to be GABA type a receptors, NMDA receptors and K2P channels 

(Daniels and Smith, 1993, Franks and Lieb, 1994, Mihic et al., 1997). 
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Anaesthetics are also believed to have effects that extend beyond membrane channels. There 

are reports showing that anaesthetics act on mitochondrial respiration and cause a slowdown 

of the electron transport chain (Hanley et al., 2002, Morgan et al., 2002). There is also 

evidence for anaesthetics directly targeting second messenger molecules, thus interfering 

with the cellular signalling cascades (Rebecchi and Pentyala, 2002). 

Although more and more targets of anaesthesia are being identified, it is not clear which of 

these mechanisms is truly responsible for hypnotic effects, immobility, analgesia and 

unconsciousness. A current popular hypothesis is the ‘multisite hypothesis’. This hypothesis 

states that anaesthesia may have small actions on different channels and other targets in 

different tissues and that the sum of this causes the hypnotic effect of anaesthesia (Urban, 

2002). Acknowledging that such theories exist, I will not be further focussing on hypnotic 

theories of anaesthesia in this thesis. 

1.2.3 Hypoxia in the peri-operative environment 

During surgery involving anaesthesia, one of the biggest risks is hypoxia, which is the main 

cause of anaesthetic-related death and morbidity (Craig, 1981, Ward et al., 2011). Hypoxia is 

a term referring to a state in which the body does not receive enough oxygen. Hypoxemia 

refers to an oxygen arterial partial pressure value lower than 80mmHg (Bateman and Leach, 

1998). Hypoxia can be caused by many events, including anaesthesia or other drug induced 

depression of ventilation, obstructive airway diseases, or pulmonary oedema. Hypoxemia 

occurs frequently in the peri-operative environment, and recent studies have shown this can 

occur in up to 30% of all patients receiving a general anaesthetic (Dunham et al., 2014). With 

nearly 3 million general anaesthetics a year in the UK alone, this entails around 900,000 
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patients at risk (Sury et al., 2014). Particular groups of patients at risk include patients with 

obstructed sleep apnoea, cardio-respiratory disease and day case surgery patients (Kaw et al., 

2012) 

Hypoxia normally elicits a carotid body-mediated acute hypoxia ventilatory response 

(AHVR), which results in an increased minute ventilation and increased oxygen delivery to 

the lungs, and so mitigates against severe hypoxaemia. The AHVR is mediated by the oxygen 

sensing type-1 (glomus) cells in the carotid body (see below for detailed mechanism). 

Volatile anaesthetic agents are known to interfere with the body’s physiological response to 

hypoxia and can prevent an adequate increase in ventilation in response to hypoxia (Gelb and 

Knill, 1978, Knill and Gelb, 1982, Temp et al., 1994, Froese, 2014). Even at sub-anaesthetic 

doses (1/20th – 1/10th of that required for general anaesthesia) volatile anaesthetics depress 

the AHVR. As volatile anaesthetic agents persist in the body for many hours after surgery, 

patients are not only at risk during the surgery, but also post-operatively after administration, 

meaning that the patient is at risk in the recovery room or back home where they are less 

closely monitored (Lockwood, 2010). 

Studies have provided an interesting observation when measuring the depression of the 

ventilatory response by volatile anaesthetics. This depression exhibits a specific order of 

potency which is halothane > isoflurane > sevoflurane (Dahan et al., 1994a, Dahan et al., 

1994b, van den Elsen et al., 1994, van den Elsen et al., 1998, Pandit, 2002). Interestingly, this 

order of potency is also preserved in rat studies. Karanovic et al. (2010) studied the hypoxic 

response in adult male Sprague-Dawley rats and found a similar rank order of potency. This 
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finding further highlights that the rat may be a good animal model for studying the volatile 

anaesthesia evoked depression of the AHVR. 

It is apposite here to review the chemical reflex control of breathing. Under normal 

circumstances in the body, breathing is a product of firing of semi-autonomous neural 

networks, called the central pattern generators. There is an important role for the Bötzinger 

and pre-Bötzinger complex, the retrotrapezoid nucleus and raphe compartments (Feldman 

and Del Negro, 2006, Smith et al., 2013). However central and peripheral chemo sensing can 

change the depth and frequency of breathing when a decrease in O2 or an increase in CO2 is 

sensed by stimulating the respiratory control centres (Kafer and Sugioka, 1981, West, 2012). 

Where central chemoreceptors are sensitive to H+/CO2, peripheral chemoreceptors are also 

oxygen sensitive. It is believed that the anaesthetic evoked depression of the AHVR is 

mediated through peripheral chemo sensing in the carotid body and not central chemo- 

sensing (Knill and Gelb, 1978, Kafer and Sugioka, 1981, Knill and Clement, 1984, Dahan et 

al., 1994a).  

1.3 Carotid body anatomy and excitation 

1.3.1 Anatomy 

The carotid body is the principal arterial chemo-sensor for O2, CO2 and pH and is involved in 

the regulation of ventilation (Biscoe, 1971). The carotid body is perhaps the smallest organ in 

the human body and is located on both sides of the neck, at the rostral end of the left and right 

common carotid arteries at the point where these bifurcate into the external and internal 

carotid arteries (Kumar and Prabhakar, 2012). The size of the carotid body is approximately 
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2-3mm in humans and is highly vascularized (Heath et al., 1970). The carotid body consists 

of type-1 cells, called glomus cells and type-2 cells also called sustentacular cells.  

Type-2 cells are thought to be supporting cells and usually represent less than 20% of the 

total cells within the carotid body (Kumar and Prabhakar, 2012). The major difference 

between type-1 and -2 cells is regarding their excitability. Type-2 cells do not respond to 

hypoxia in a way that type-1 cells do. It is thought that type-2 cells are ‘support cells’ for the 

type-1 cells, however, their functional significance remains largely unknown (Gonzalez et al., 

1994).  

In rats it is estimated that there are 120,000 type-1 cells each having a size of 8-15Pm, 

whereas type-2 cells are thought to be 6Pm (Urena et al., 1989). The type-1 cell is thought to 

be the major oxygen pH sensitive cell (Verna, 1979, Kumar and Prabhakar, 2012). Once 

dissociated, type-1 cells often present in small clusters and contain characteristic dense-cored 

vesicles (Duchen et al., 1988). 

1.3.2 Overview of hypoxia evoked events in carotid body  

A decrease in arterial PO2 from 100–80 mmHg is enough to evoke afferent nerve activation 

in the carotid body (Biscoe et al., 1970, Prabhakar, 2006). In response to hypoxia the 

following events occur: The activity of K+ channels setting the resting membrane potential 

decreases, which results in membrane depolarisation and opening of voltage gated L type 

Ca2+ channels. Ca2+ enters the cell, which in turn promotes fusion of vesicles with cell 

membrane and the release of neurotransmitters. The neurotransmitters excite afferent nerves 

projecting to the ventilatory control centres in the brainstem and so induce an increase in 
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breathing, both in depth and in frequency (Heymans C., 1930, Acker, 1994, Weir et al., 2005, 

Lopez-Barneo et al., 2015). 

There are a wide variety of neurotransmitters released by the carotid body. Research in 

animals has shown that amongst them are: acetylcholine, ATP, dopamine, noradrenaline, and 

serotonin (Rigual et al., 1984, Gonzalez et al., 1994, Rong et al., 2003, Zhang and Nurse, 

2004). It is thought that ATP is one of the key neurotransmitters, exciting afferent nerve 

endings via P2X2 and P2X3 receptors (Zhang and Nurse, 2004). A recent paper by Kahlin et 

al. (2014), investigated human carotid bodies to verify some of the animal research and found 

that in response to hypoxia, acetylcholine and ATP were released within 5 minutes. 

The resting potential of the type-1 cell is believed to be between -48 and -60mV (Buckler and 

Vaughan-Jones, 1994, Buckler, 2012). Ca2+ channels become active at a voltage more 

positive than -50mV (Buckler and Vaughan-Jones, 1994). The rise of Ca2+ in response to 

hypoxia is inhibited in Ca2+-free medium, indicating that the rise in hypoxia evoked Ca2+ 

comes from outside the cell. Studies with inhibitors revealed that both L- and N-type Ca2+ 

channels contribute to the facilitation of the Ca2+ influx (e Silva and Lewis, 1995). Although 

discussed in more detail later in this chapter, it is assumed that the channels closing in 

response to hypoxia and causing the depolarisation are the TASK channels (Buckler, 1997, 

Buckler et al., 2000, Kim et al., 2009a, Buckler, 2015).  

Other channels in the rat carotid body are voltage-gated (delayed rectifier) K+ channels (Kv), 

voltage-gated Na+ channels and large conductance Ca2+-activated K+ channels (maxi K 

channels or BKCa) (Buckler, 2015). Interesting are the BKCa channels, which are thought to 
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be inhibited by hypoxia and acidosis (Peers, 1990). These channels are most likely not active 

at resting membrane potential, instead BKCa appears to come into play when the membrane 

potential of glomus cells is depolarized to levels more positive than ∼ −30 mV (Kang et al., 

2014). Similarly, Kv channels are assumed to mediate action potential repolarisation in rat 

carotid body and not responsible for the onset of the response to hypoxia.  
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1.3.3 Oxygen sensing mechanisms and hypotheses 

Although there is agreement about the decrease in K+ channel activity (such as TASK 

channels) and a rise of intracellular Ca2+ in response to hypoxia, there is uncertainty 

regarding how O2 levels are sensed in order to decrease the K+ channel activity in response to 

hypoxia. 

The first question that arises is whether or not the carotid body K+ channels are the oxygen 

sensing channels themselves, or whether the channel is regulated by another oxygen sensor. 

One way to test whether the TASK channel itself is oxygen sensitive, is by expressing TASK 

channels in HEK cells outside their native environment. Lewis et al. (2001) expressed human 

TASK-1 in HEK-293 cells and found that the pH sensitive K+ current in the transfected cells 

was greatly reduced in the presence of hypoxia. However, this result was not replicated when 

similar experiments were attempted by Buckler and Honore (Buckler and Honore, 2004). 

Another way to study if the channel is directly oxygen sensitive is by studying the channel in 

an excised patch, where the channel is isolated from its cellular environment. Under these 

conditions, no oxygen sensitivity was found (Buckler et al., 2000). To date, the direct oxygen 

sensitivity of the TASK channel therefore remains disputed. 

A second oxygen sensing hypothesis postulates that the carotid body contains a source 

oxygen sensor. This sensor is capable of regulating TASK channel activity directly or 

indirectly through signal molecules or second messengers, which in turn can regulate TASK 

channel activity with or without an accessory molecule. There are a few hypotheses regarding 

the source and messenger molecules involved, which will be discussed together with 

evidence in favour and against the hypothesis. 
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Mitochondria in the carotid body are a convincing candidate for being the source oxygen 

sensor. Research suggests that the respiratory function of the mitochondria alters over the 

physiologically relevant PO2 range, which is in contrast to the mitochondria of other tissues 

(Duchen and Biscoe, 1992a, b). Moreover, inhibitors of the mitochondrial transport chain 

significantly inhibit background K+ currents in type-1 cells and evoke a Ca2+ influx, therefore 

mirroring the effect of hypoxia on the type-1 cell (Wyatt and Buckler (2004). 

A number of metabolites that could potentially regulate TASK channels are ATP, Mg-ATP or 

AMP-activated protein kinase (AMPK) (Varas et al., 2007, Peers et al., 2010, Buckler, 2015). 

Some evidence in favour of this is that the rapid decline of TASK channel activity in inside-

out patches can be rescued in large part by applying Mg-ATP (Varas et al., 2007). Evidence 

against a role of ATP activation is the absence of a nucleotide binding site in cloned TASK 

channels (Buckler 2015). 

AMPK is an enzyme sensing a change in AMP/ATP ratio and upon activation can change 

cell metabolism. Evidence in favour of an important role for AMPK as a modulator is 

provided by Wyatt et al, who showed that AMPK activation by 5-Aminoimidazole-4-

carboxamide ribonucleotide (AICAR) inhibited the O2 -sensitive K+ currents carried by 

TASK-like leak K+ channels (Wyatt et al., 2007). Further evidence also shows that AICAR 

may contribute to regulation of expressed TASK-3 channels and other K+ channels (Evans et 

al., 2005, Evans et al., 2009). Conflicting evidence for the role of AMPK is provided by Kim 

et al. (2014). These authors report that activators of AMPK did not inhibit TASK activity or 

cause depolarization during acute or prolonged exposure in carotid body cells. Furthermore, 

the activators of AMPK also failed to evoke Ca2+ entry in glomus cells. 
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Other potential TASK channel modulators may be reactive oxygen species (ROS) as 

produced by nicotinamide adenine dinucleotide phosphate (NADPH) oxidases or 

mitochondria (Brunelle et al., 2005, Waypa et al., 2006). One theory is that a change in 

available oxygen leads to a change in ROS production by NADPH oxidase, with a 

subsequent decrease in TASK channel activity. For example, it was found that the absence of 

NADPH subunit p47 (phox) facilitates the ventilatory and chemoreceptor response to 

hypoxia in vivo and in vitro (Sanders et al., 2002). However, other studies show the opposite, 

and report an increase of ROS production in hypoxic conditions (He et al., 2005). Papreck et 

al. (2012) did find that H2O2 applied to inside-out patches activated transiently expressed 

TASK-1, TASK-3, and TASK-1/3 heterodimer, but this was only at high concentrations 

outside the physiological range. 

A recent study by Bernardini et al found that, depending on the breeding conditions of mice, 

the ROS level in carotid bodies in response to hypoxia either decreased or increased and that 

there was no clear consistency. However, inhibitors of a NADPH oxidase subunit would 

always attenuate the hypoxia evoked membrane depolarisation (Bernardini et al., 2015). 

Interesting evidence in favour of the importance of ROS, comes from two studies by 

Teppema et al., who showed that application of an anti-oxidant (for example vitamin C) to 

healthy volunteers, resulted in a complete reversal of the anaesthetic evoked depression of the 

hypoxic ventilatory response. It is tempting to speculate that this may be due to an interaction 

with ROS, or a change in redox state of the carotid body, which reversed the anaesthetic 

induced depression of ventilation (Teppema et al., 2002, Teppema et al., 2005). However, 

with so many studies reporting opposite findings and conflicting views, the role of ROS in 

oxygen sensing remains unclear. 
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There are a few gaseous signalling molecules that have been extensively investigated with 

respect to oxygen sensing in the carotid body such as carbon monoxide (CO), nitric oxide 

(NO) and hydrogen sulphide (H2S) (Lewis et al., 2002, Otsubo et al., 2006, Peers et al., 2010, 

Fandrey, 2015), which have been demonstrated to be chemo-excitants on their own, or 

through binding of haeme-proteins (Kemp and Telezhkin, 2014).  

Another pathway that may play a role in regulating TASK channel activity is by mediation of 

Gaq proteins or one of its downstream signalling molecules such as Phospholipase C (PLC) 

and phosphatidylinositol 4,5-bisphosphate (PIP2). Studies from two different groups have 

reported an effect of PIP2 on TASK channels in heterologous expression systems (Chemin et 

al., 2003, Lopes et al., 2005). Later work performed by Chen et al. (2006) however, reported 

that TASK channel inhibition is independent of PLC activity and PIP2 depletion and that 

activated Gαq subunits inhibit TASK-3 in excised inside-out macropatches. A similar result 

has been found in a study by Lindner et al. (2011). 

1.4 K2P channels 

1.4.1 Structure, characteristics and gating of K2P channels 

TASK channels belong to the two-pore potassium (K2P) channels. In mammals 15 genes are 

identified as KCNK genes encoding the K2P channels, which are expressed in a variety of 

tissues such as the brain, heart, lung, kidney and carotid body (Goldstein et al., 2001, 

Goldstein et al., 2005). 
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On the basis of sequence homology, eukaryotic K2P channels have been subdivided into six 

subgroups (Goldstein et al., 2001, Renigunta et al., 2015): 

1. TWIK channels - weakly inwardly rectifying   

2. TREK channels - lipid and mechano sensitive  

3. TASK channels - acid pH-sensitive  

4. TALK channels - alkaline pH-activated  

5. THIK channels - halothane-inhibited   

6. TRESK channels - spinal cord  

K2P channels are background channels, active around and/or involved in setting the cell’s 

resting membrane potential. These channels are also called ‘open rectifiers’, which refers to 

the characteristic that their current-to-voltage relation can often be fairly well approximated 

by the Goldman-Hodgkin-Katz (GHK) equation. For a GHK- rectifying K+ channel in 

physiological conditions (in which the inside K+ concentration is higher than the outside K+ 

concentration), an outward current is favored and hence the channels are leaking K+ ions at 

rest. With a symmetrical distribution of K+ ions, the rectification disappears and 

consequently the IV-relationship is often near linear (Bayliss and Barrett, 2008). 

The structure and gating of most K2P channels is not fully elucidated, because to date the 

structure remains unresolved for most channels. Over the past few years however, more 

insight has been gained as the first structures have been solved and detailed gating studies 

have been carried out. Brohawn et al. (2012) solved the crystal structure of TRAAK and 

Miller and Long (2012) solved the structure of TWIK-1. These two papers revealed that K2P 
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channels assemble as a dimer and each subunit of the dimer consists of four trans-membrane 

domains (M1–M4), two pore-forming domains (P1 and P2) and two extracellular cap helices 

(C1 and C2). This is depicted in Figure 1.2. 

 

Figure 1.1: General structure of K2P channel. This channel comprises of four transmembrane domains (M1-

4), two pore-forming domains (P1 and P2) and two extracellular cap helices (C1 and C2). Picture based on 

(Renigunta et al., 2015).  

The existence of this cap above the selectivity filter of the channel may explain why the 

channel is resistant to some classical K+ channel inhibitors such as  tetraethylammonium 

(TEA) and 4-aminopyridine  (4-AP) (Steinberg et al., 2014). The two subunits appear to 

assemble in an anti-parallel manner. Interestingly, later research done at higher resolution 

confirmed that ‘domain swapping’ takes place between the two channel subunits. As a 

consequence, the C1 and M1 domain are able to swap to the opposite side of the channel and 

so changing in position by 180q (Brohawn et al., 2013).  

This swapping has also been confirmed in a recent paper describing the structure of TREK-2 

(Dong et al., 2015). This study provided further insight into the structure and gating of K2P 

channels and described that gating occurs primarily within the selectivity filter and that close 

to this selectivity filter, there are intra-membrane side fenestrations (where norfluoxetine has 
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been found to bind). The authors further show that the channel can be in an up or down state, 

which is caused by movement of the M2, 3 and 4 domains. The down state is thought to 

represent a lower activity state. In the down state the lateral fenestrations are open, whereas 

in the up state where the channel is presumably more active, these side fenestrations are 

closed. 

In most other K+ channels there are two different established gating mechanisms. There is an 

activation gate at the intracellular entrance and a distant slow activation at the selectivity 

filter close to the extra cellular site  (Mathie et al., 2010). The most recent insights show that 

gating in K2P channels occurs close to the selectivity filter, and that the inner gate of TREK-1 

channels (at the helix bundle crossing) is constitutively open (Piechotta et al., 2011, Rapedius 

et al., 2012, Dong et al., 2015). It cannot be excluded that other types of gating within TREK 

and other K2P channels are important. 

1.4.2 Properties of TASK channels 

The members of the K2P channel group that are expressed in the carotid body and hence the 

channels of interest in this thesis, are the TASK channels. The TASK channel (TASK-1) was 

first described and cloned in 1997 by Duprat et al. (1997) who named the channel TASK for 

‘TWIK-related Acid-Sensitive K+ channel’. The channel was identified by looking for 

TREK-1 and TWIK-1 related sequences in the Gen-Bank. Northern blot analysis then 

revealed expression in a variety of tissues such as the brain, kidney, lung, and heart.  
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In their conclusion, the authors compared the characteristics of these channels with some of 

the currents previously described in other tissues. Among them, was the current reported 

earlier that year in 1997 by Buckler, who described a novel O2 sensitive current in rat carotid 

bodies (Buckler, 1997). Further characterization of this current revealed it to be insensitive to 

the classical K+ channel blockers TEA and 4-AP. There was a decrease in membrane 

conductance in response to hypoxia (PO2< 40mmHg) suggesting that hypoxia depolarizes the 

cell through inhibition of small voltage insensitive K+ conductance and not voltage gated 

channels. In follow up work, this oxygen sensitive current was found to be increased by 

halothane (Buckler et al., 2000). In addition, single channel analysis of this channel revealed 

halothane sensitivity (increase in activity) and hypoxia sensitivity (decrease in activity), and 

upon the further investigation the authors concluded this to be a TASK-like channel. 

In 2000 the TASK-3 channel was first cloned by Rajan et al. (2000). The authors reported 

that TASK-3 was especially highly expressed in the brain and that TASK-3, just like TASK-1 

was pH sensitive. The TASK-3 sequence homology with TASK-1 is 62%. The pH sensitivity 

of the channel altered when a histidine residue on the extracellular side was mutated 

indicating that these residues may be important for the pH sensing, which is potentially also 

the case in the TASK-1 channel as these residues are conserved. 

In 2002, Czirjak and Enyedi found that co-expression of both TASK-1 and TASK-3 in 

Xenopus oocytes resulted in a current with intermediate features to those seen with either 

channel expressed alone. The authors also showed that pH inhibition of a TASK-1/3 

concatemer was intermediate, which further highlighted the possibility of TASK 

heterodimerisation (Czirjak and Enyedi, 2002). 
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Williams and Buckler (2004) continued further investigation on the TASK-like channel and 

current in the carotid body and found that the properties do not closely match either TASK-1 

or TASK-3, raising the possibility that hetero dimerization may take place between TASK-1 

and -3. Furthermore, the authors reported the ATP sensitivity of the TASK channel and 

reported how ATP can partially rescue the run-down of TASK channel activity in inside-out 

patches (where the channels are detached from the intracellular side). 

In the same year, Kim further researched the question of hetero-dimerization (Kang et al., 

2004). The authors chose cerebellar granule neurones because this tissue was known to 

express both TASK-1 and -3 mRNA and as such they could compare sensitivities to pH and 

inhibitors by comparing cloned and native channels. The authors identified a channel with 

nearly identical single channel kinetics to that of TASK-3. However, when ruthenium red 

was applied (which blocks TASK-3 more than TASK-1), this resulted in intermediate 

inhibition and not to the same degree of inhibition as if the current was wholly a product of 

TASK-3 alone. Similar research was performed by Kim et al. (2009a) in carotid body cells, in 

which the predominant channel has a conductance very similar to TASK-3 channels but is 

ruthenium red insensitive, thus suggesting the existence of another but similar channel. The 

final proof of hetero-dimerization in the carotid body that did not involve the application of 

inhibitors was provided in this lab by Turner and Buckler (2013b). Single channel recordings 

were made from both TASK-1 and TASK-3 knock out mice and when the channel activity in 

single channel patches from both mice were combined, the total activity was still less than 

that in wild-type mice. In the double knock out neither of the three channels were found, 

indicating that heterodimers must represent the most predominant expressed background 

channel in the carotid body. 
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To summarize, for the carotid bodies in rats and mice, it is currently accepted that TASK-1, 

TASK-3 and TASK-1/3 heterodimer are expressed and have a predominant role in the 

oxygen sensing cascade. In particular the heterodimer TASK-1/3 is thought to be most 

abundant compared to TASK-1 and TASK-3 (Yamamoto et al., 2008, Kim et al., 2009a, 

Turner and Buckler, 2013a). For humans however, TASK-1 is the only confirmed channel 

(Fagerlund et al., 2010, Mkrtchian et al., 2012). Mkrtchian et al. (2012) performed microarray 

and PCR analyses on five surgically removed human carotid bodies and demonstrated the 

presence of TASK-1 but the absence of TASK-3.  

In general, cloned and native TASK channels appear to be inhibited by barium, quinidine, 

anandamide and methanandamide, (Buckler et al., 2000, Veale et al., 2007, Kim et al., 2009a, 

Enyedi and Czirjak, 2010). TASK-3 is inhibited by ruthenium and Zn2+ red whereas TASK-1 

is not (Czirjak and Enyedi, 2003, Kim et al., 2009a, Enyedi and Czirjak, 2010). In native 

carotid body patches it is thought that TASK-1 has a smaller conductance than TASK-3. Kim 

suggests that as TASK-3 has a conductance approximately twice as large as that of TASK-1, 

and hence the channels are easily distinguishable from each other. The views in this lab are 

slightly different as we believe it is hard to classify each channel due to the diversity seen in 

open amplitudes. Channel activity in carotid body patches is generally high. Few and 

possibly no patches seem to contain a single channel and transition between conductance 

levels during an open event is not uncommon. Thus the extent to which there may be multiple 

conductance states of TASK-1/3 or just simultaneous openings of different channel types is 

unclear. To illustrate this, an example of native carotid body TASK channel activity can be 

seen in Figure 3.2. The green line is set at 1.2 pA, which is thought to be the average open 

amplitude of the TASK-1 channel. The blue line is set at 2.8 pA which is the believed to be 
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the average open amplitude for the TASK-1/3 heterodimer (Turner and Buckler, 2013b). 

Note the diversity of the open amplitude of each channel and how several channels in this 

figure cannot be clearly marked as either TASK-1 or heterodimer.  

 

Figure 1.2: Cell-attached single channel low noise trace revealing the typical TASK channel activity in the 

carotid body. Bath Tyrode 100mM K+ Pipette potential 140mM K+.  

Despite the difficulty in identifying each channel subtype in native carotid body TASK 

channel patches, some kinetic analyses has been performed on the TASK channel as they 

occur in the rat carotid body. The carotid body TASK channels have fast flickery kinetics, 

with short bursts of rapid openings with an estimated mean open time of approximately 

0.3ms and a short closed time of constant of 0.1ms. The average burst duration is 

approximately 1.7ms. The long closed state is variable, the closed state varies between 2 and 

30ms (Williams and Buckler, 2004). An example trace illustrating the long closed state 

(indicated by the purple line) and a burst (red line) can be seen in Figure 1.4.  
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Figure 1.3: Single channel kinetics of ratTASK-1 transiently expressed in HEK293 cell. The purple line 

indicates the long closed states and the red line indicates the burst duration of the channel opening. Recording 

filtered at 5KHz 

As discussed in this section, notwithstanding the remote possibility of other undiscovered 

channels, there is good evidence provided by different groups that the carotid body’s oxygen 

sensitive background K+ current that closes in response to hypoxia, comprises of TASK-1 

TASK-3 and TASK-1/3. In the experimental chapters in this thesis therefore it will be 

referred to as carotid body TASK channels (see chapter 2 section 2.10 for further 

elaboration). 

1.4.3 TASK channels and anaesthesia 

TASK channels and volatile anaesthetics have been studied before. In general, this 

anaesthetic TASK channel research can be categorized in either the channel specific 

interaction or in a wider relevance for its hypnotic or respiratory effects. Our group, and 

others, have established that TASK channels can be modulated by volatile anaesthetics 

(Buckler et al., 2000, Berg et al., 2004, Putzke et al., 2007, Pandit et al., 2010) and that 

halothane is markedly able to increase TASK channel open probability in rat carotid body 
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cells. Our lab has also previously found that both isoflurane and halothane lead to a decreased 

influx of Ca2+ in response to hypoxia in rat carotid body cells (Pandit et al., 2010) with 

halothane having the more potent effect. Other groups have studied heterologously expressed 

K2P channels in mammalian cell lines. Patel et al. (1999) showed that anaesthetics such as 

isoflurane and halothane are able to activate K2P channels (TASK and TREK-1) in 

transfected COS-cells. Putzke et al. (2007) studied Xenopus oocytes expressing human 

TASK-1 channels and showed that isoflurane and halothane activate TASK-1. In contrast, 

Berg et al. (2004) used a heterologous expression system (HEK-293 with either rat TASK-1 , 

TASK-3 or TASK 1-3) to demonstrate that isoflurane activates TASK-3 and TASK 1-3 but 

inhibits TASK-1. Most literature agrees on the fact that halothane appears to be a stronger 

agonist and isoflurane appears to be a weaker agonist. This difference between agents in their 

stimulation of TASK channels is in accordance with the human and rat ventilatory studies (as 

mentioned in section 1.1.3).  

Linden et al. (2006) found that TASK-1 knockout mice (KO) showed a reduced hypnotic 

sensitivity to halothane and isoflurane, reflected as a rightward shift (reduced potency) in the 

concentration-response curves. Linden et al. (2007) also studied TASK-3 knockout mice and 

reported that TASK-3 KO mice needed a higher halothane concentration for loss of 

withdrawal reflex than the wild-types. There was also a small difference in sensitivity 

observed in these animals for isoflurane, but this was not significant. Other groups who also 

investigated the anaesthetic sensitivity found that TASK-3−/− mice needed more halothane to 

reach loss of consciousness and immobility, and appeared less sensitive to halothane, whereas 

in TASK-1-knockout mice there was only a very small insignificant change detected in 

halothane sensitivity (Pang et al., 2009). Lazarenko et al. (2010) reported a reduced halothane 
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evoked membrane hyperpolarization in moto-neurones in both TASK-1−/− and TASK-3−/− 

mice and reported similar loss of isoflurane and halothane sensitivity. Furthermore, the 

authors reported that a significantly higher concentration of halothane or isoflurane was 

required to render mice unresponsive to a tail pinch, by comparison to wild type mice. These 

findings with regards to the hypnotic effects of anaesthesia may or may not translate to 

respiratory studies regarding the relevance of TASK channels and AHVR. 

Although it is clear that some K2P channels interact with anaesthetics, the nature and the 

place of this interaction is less clear. For anaesthetic binding with TASK channels, there are 

several regions that are thought to be important for the binding and or gating. Patel et al. 

(1999) identified that the VLRFMT region between amino acid 242 and 248, which is the M4 

and C terminus of the TASK channel, is essential for halothane activation. Talley and Bayliss 

(2002) then established that this region was also important for halothane activation in TASK-

3. Andres-Enguix et al. (2007) identified another important site for anaesthetic interaction by 

using site-directed mutagenesis in a TASK channel cloned from Lymnaea stagnalis (Ly). 

Mutating amino acid 159 (methionine in human TASK), located in the region between the 

end of M2 and the middle of M3, to alanine (a neutrally charged amino acid) greatly reduces 

volatile anaesthetic activation in LyTASK and human TASK. Conway and Cotten et al., 

(2011) used cysteine modification to see if occupancy of amino acid 159 in both LyTASK 

and human TASK-3 increases TASK-3 channel activity and found that covalent modification 

markedly increased channel activity. 
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1.5 Questions addressed in thesis  

Linked to the intriguing question of how the carotid body responds to oxygen is the question 

of how this response is impaired in the presence of clinically relevant concentrations of 

volatile anaesthetics; and what can be done to overcome this impairment and restore a 

functional response. The objective of this thesis is to study to what extent volatile 

anaesthetics interfere with the hypoxia transduction cascade, their interaction with TASK 

channels and whether or not there is an interaction between the different volatile anaesthetics.   

Thus, in this thesis, I will examine the effects of three common agents (halothane, isoflurane 

and sevoflurane) on glomus cell response to hypoxia, as well as the effects of these agents on 

TASK channels (native and those transiently expressed in human embryonic kidney (HEK) 

cells). I will also investigate in another chapter the effects of anaesthetics on mitochondrial 

function. Finally I present data on exploring the effects of TASK-channel blocking drugs (as 

potential stimulants of breathing) on glomus cell function.  
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2.1 General molecular biology methods 

The first two subsections (2.1 and 2.2) explain the molecular biology methods. Section 2.1 

explains the general methods, provides recipes of media and explains the frequently used 

protocols such as polymerase chain reaction (PCR) protocols and the generation of a vector 

with DNA insert. Section 2.2 then reveals how the constructs used for experiments in this 

thesis are generated, by referring to the protocols explained in section 2.1. 

2.1.1 LB medium and plates for culture of bacteria 

Luria Bertani broth with Ampicillin (LB-AMP) was made by dissolving 20g LB Broth 

powder (both Sigma-Aldrich, Dorset, UK) in 1L purified H2O. The solution was autoclaved 

and, once cooled down below 30ºC, AMP was added at a final concentration of 100mg/L. 

Agar-AMP (100mg/L) plates were made of imMedia Amp Agar sachets (Invitrogen, Paisley, 

UK), which were added to 200mL of purified H2O in a glass bottle. The solution was 

microwaved according to the manufacturer’s instructions until bubbles started to appear. 

Thereafter the bottle was gently swirled to mix and reheated. Once the solution had cooled 

down it was poured into media plates. 

2.1.2 Bacteria transformation protocol 

All transformations were performed with Subconing Efficiency D-Hanahan-5-Alpha (DH5α) 

competent Escherichia (E) Coli cells (Invitrogen, Paisley, UK). An aliquot of cells stored at -
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80ºC was thawed on wet ice for approximately 15 minutes. 50 µL of DH5α was pipetted in a 

microcentrifuge tube (Eppendorf, Stevenage, UK). The vial with remaining cells was 

immediately put in an ethanol bath in dry ice before it was returned to the -80ºC freezer. 5 to 

10 ng of DNA was pipetted into the DH5α cell suspension, which was gently mixed by 

tapping. The suspension was incubated for 30 minutes on wet ice. The Eppendorf tube 

containing the cells was placed for 20 seconds in a 42ºC water bath, which resulted in a heat 

shock and uptake of DNA by the bacteria. Following the heat-shock the cells were placed on 

wet ice for an additional 2 minutes. 500-950 µL of LB-AMP was added to the cell 

suspension, which was then incubated for an hour at 37ºC and shaken at 225 rpm. 20-200µL 

of each transformation reaction was streaked on selective Agar-AMP plates and incubated 

overnight at 37ºC. 

2.1.3 Miniprep protocol 

Minipreps for isolation of up to 20μg DNA were performed with the Qiaprep spin miniprep 

kit according to the manufacturer’s instructions. A colony was picked up from a LB-Amp 

plate with a small sterile stick, which was placed in 3 mL LB-AMP (100mg/L) and grown 

overnight. In short: cultures were pelleted by a 3 minutes centrifugation of 10000rpm in a 

table-top centrifuge at room temperature. The pellet was redissolved in buffer P1, P2 and N3 

(all Qiagen) and then centrifuged for an additional 10 minutes at 13000 rpm at room 

temperature. The supernatant was then applied to the QIAprep spin column and the flow 

through discarded. The column was then washed by buffer PE and the DNA was eluted in a 

50µl Qiagen elution buffer. 
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2.1.4 Midiprep protocol 

The midiprep protocol for isolation of up to 100-200μg DNA was performed with the 

HiSpeed Plasmid Midi Kit (Qiagen, Manchester, UK). As a preparation, a single colony was 

picked up and inoculated in 3 mL LB AMP for 8 hours in the incubator and shaken at 220 

rpm. 100 µl of this ‘starter culture’ was added to 50mL LB AMP medium, which was 

incubated and shaken overnight for 12-16 hours. The following day the bacteria were pelleted 

in the centrifuge at 6000xg for 15 min at 4ºC. The pellet was resuspended according to the 

protocol in buffer P1, P2 and P3. The lysate was then added to the barrel of the Qiafilter 

cartridge and incubated for 10 minutes at room temperature. The lysate was filtered through 

the cartridge using a plunger after which it was poured into the HiSpeed Tip and allowed to 

run through by gravity. When the lysate had cleared, the tip was washed with 20mL buffer 

QC and the DNA was eluted with 5mL buffer QF. Instead of following the rest of the 

protocol and precipitating the DNA with the Qiaprecipitator, the protocol was completed 

manually without the Qiaprecipitator, as it was found after several attempts that most of the 

DNA got lost during the Qiaprecipitator steps. Instead, the DNA in 5 mL QF was precipitated 

by adding 3.5 mL room temperature isopropanol (Sigma, Dorset, UK) and mixed. The 

mixture was centrifuged at 15000 xg for 30 mins at 4ºC and the supernatant was carefully 

decanted.  2mL of 70% ethanol was added and centrifuged for another 15 minutes at 15000 x 

g, 4ºC. The supernatant was carefully decanted and the pellet was air-dried for about 5-10 

minutes. Care was taken to not over dry the pellet. The pellet was resuspended in 50-100 µl 

TE buffer (Qiagen) and warmed at 37ºC to enhance dissolving of the DNA for 1-2 hours. 

Concentrations of DNA in TE buffer were verified with the Nanodrop (Lite 

Spectrophotometer, Nanodrop products, Wilmington, Delaware, USA).  
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2.1.5 PCR and Colony PCR 

The following standard polymerase chain reaction (PCR) was performed to check for 

presence of TASK-1 or TASK-3 in DNA samples, for example prior to submitting the 

samples for sequencing. All primers used in this thesis (unless otherwise indicated) were 

synthesized by Eurofins MWG Operon (Ebersberg, Germany). For the standard PCR the 

following primers were used: 

For TASK 1:   

TASK1_cDNA_Forward: gcaaggtgttctgcatgttc   

TASK1_cDNA_Reverse: gtactgaggctgcgtttgc   

For TASK3:  

TASK3_cDNA_Forward: acaaagtcgccgaaccctat   

TASK3_cDNA_Reverse:  acaaagtcgccgaaccc  

The PCR reaction contained the components indicated in table 2.1:  

Component Final concentration 
per 25µL sample 

dNTP  200 μM 

Primer Forward  0.2 μM 

Primer Reverse  0.2 μM  

Thermopol reaction buffer (NEB)   2.5 μL 

NEB Taq polymerase (NEB) 0.5 units 

DNA   10 ng 

H2O To 25 μL 
Table 2.1: Components of standard PCR 
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The annealing temperature was based on adding the following formula:  

Temperature = ((melting temperatures of primers 1+ 2) / 2) -5   

This resulted in an annealing temperature of 53ºC for the standard PCR 

The following cycle was run:  

Step Time (Sec) Temperature (ºC) 

Initial denaturation 30 95 

35 cycles of:   

Denaturation 30 95 

Annealing 30 53 

Elongation 60 68 

Followed by   

Final extension 300 68 
Table 2.2: Reaction cycle standard PCR 

All samples were pipetted on ice to prevent enzyme activation. 

This protocol was also run as part of a colony PCR to check for TASK containing colonies 

following transformation. For a colony PCR the same reaction mixture was used as indicated 

in Table 2.1, but instead of pipetting DNA in a buffer, a small amount from individual 

bacteria colonies was stirred into the PCR reaction tube with a sterile tooth-pick. As for the 

PCR cycle protocol, the initial denaturation step from the standard reaction cycle was 

extended from 30 seconds to 15 minutes at 94ºC (Table 2.2) to enhance release of DNA from 

the bacteria. 
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2.1.6 Restriction Digest 

Following the PCR, the samples were mixed with 6x Blue Gel Loading Dye (New England 

Biolabs, Hitchin, UK) and pipetted into the wells of a 1-1.5% agarose gel (TopVision 

Agarose, Thermo Scientific, Paisly, UK) in 1x Tris-Borate-EDTA buffer (Sigma, Dorset, 

UK) containing 1x SYBR® Safe (Invitrogen, Paisley, UK) to visualize the bands. 

2.1.7 PCR clean-up protocol 

The PCR clean-up reactions were performed with a QIAquick® PCR purification kit 

(Qiagen, Manchester, UK) to wash away enzymes from previous reactions. Five volumes of 

buffer PB was mixed with 1 volume of the total PCR reaction and added on top of a 

QIAquick column. The flow-through was discarded and 750µL of buffer PE was added to 

wash the DNA in the column. The DNA was then eluted in 50µL Elution buffer in an 

Eppendorf tube (Stevenage, UK). 

2.1.8 Sequencing of DNA samples 

Sequencing was performed by Source-Bioscience Life Sciences (Nottingham, UK), who 

provided a read out in base-pairs. For crucial samples the DNA was sequenced three times to 

ensure accurate base-pair insertion. Plasmid DNA was delivered at a concentration of 

100ng/µl. When the Bioscience stock primers were not used, custom primers were delivered 

at 3.2pmol/µl with a melting temperature between 55°C and 60°C and a GC content between 

40% and 60%. 
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2.1.9 Insertion of DNA into Vector 

TASK DNA was transferred to different DNA constructs (vectors), for example to vectors 

containing a fluorescent tag, to allow for easy identification of transfected cells in a later 

stage. The steps for transfer of DNA from the mother vector to a new vector consisted of 

amplification, digestion, antartic phosphatase treatment and ligation. 

Step 1: Amplification  

The DNA that was to be transferred in a vector was amplified with a PCR reaction. Custom 

designed primers allowed an insertion of desired restriction sites on the  5’ and 3’ end of the 

chosen DNA. Restriction sites were added and chosen, so that it was compatible with an easy 

insertion into a new insertion vector. The custom made primers were designed as explained 

below: 

AAAAAA – 5 to 8 bases coding for restriction site insertion – 18-25 complementary target 

DNA base-pairs. 

The -AA- sequence did not end up being inserted. This was followed by the base-pairs coding 

for the desired restriction site (for example EcoRV) and followed by the first few base pairs 

of the DNA sequence that was to be amplified. The amplification reaction mixture contained 

the following: 
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Component Final concentration  
per 25µL sample 

dNTP 200 μM 
Primer Forward 0.5 μM 
Primer Reverse 0.5 μM 

Phusion buffer (NEB) 1X 
Phusion Polymerase (High-

Fidelity Polymerase M0530, NEB) 
0.5 units 

DNA 
(still inserted in vector of origin) 

10 ng 

Table 2.3: Components for the ‘DNA transfer’ PCR  

The DNA was amplified with a PCR cycle as shown in table Table 2.4: 

Step Time (Sec) Temperature (ºC) 
Initial denaturation 30 98 
35 cycles of   
Denaturation 10 98 
Annealing 30 58 
Elongation 45 72 
Completed by   
Final extension 600 68 
Table 2.4: PCR cycle for vector transfer 

Following the ligation, a PCR clean up reaction was performed and the concentration of 

DNA was eluted in EB buffer (Qiagen) and measured with a Nanodrop to determine the 

DNA yield. 

Step 2: Restriction digest  

A digest was performed for both the amplified DNA of choice and the desired insertion 

vector. The reaction components can be found in Table 2.5:  
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Components for Insert Per 50 µL 
Vector DNA or insert DNA 1 µg 
Restriction enzyme 5’ end 1 µL 
Restriction enzyme 3, end 1 µL 
NEBuffer Cutsmart™  5 µL 
H2O To 50 µL 
Table 2.5: Components for restriction digest   

The reactions were incubated for 15 minutes at 37ºC (unless the NEB buffer specified 

otherwise). The insert was kept on ice afterwards, while the vector was treated with antartic 

phosphatase. 

Step 3: Antartic phosphatase treatment 

Directly following the restriction digest, the insertion vector was treated with antartic 

phosphatase (M0289S New England Biolabs, Hitchin, UK). This step was performed to 

dephosphorylyse, i.e. remove 5’ phosphate groups, and prevent recircularization of the 

insertion vector. Therefore 5μL antartic phosphatase buffer (NEB) and 2μL antartic 

phosphatase was added to the digest reaction of the insertion vector and incubated for 1 hour 

at 37ºC. 

A PCR clean-up was performed again with both the untreated insert and the phosphatase 

treated vector. Afterwards the DNA was eluted in EB buffer (Qiagen) and measured with a 

nanodrop to determine DNA concentration.  
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Step 4: Ligation 

For the ligation reaction the insert and vector were combined in a ‘vector to insert’ ratio of 

100ng vector to 66ng insert. This was based on the following formula, obtained from New 

England Biolabs’ website. 

Ng vector x Kb insert   
                                    Kb insert 

The ligation reaction contained: 

Components for ligation Per 20 µL 
Insert 66ng 
Vector 100ng 
Ligase (NEB) 2µL 
Ligase buffer (NEB) 5µL 
H2O  To 20µL 
Table 2.6: Components for ligation reaction 

The ligation reaction was incubated overnight at 16ºC, or over the weekend at 4 ºC, after 

which it was ready for transformation in DH5α cells. 

2.1.10  Storage of competent bacteria in glycerol 

For long term storage of DNA in competent bacteria, a colony from an Agar-AMP plate was 

picked up and grown in LB-AMP overnight. 800µL of the LB containing bacteria was added 

to a 2mL cryovial (Corning, High Wycombe, UK) together with 200µL sterile glycerol 

(Sigma, Dorset, UK), which was vortexed before being placed in the -80ºC freezer. 

Total ng needed for Insert = 



43 

 

2.2 Generation of transfection ready ratTASK constructs 

2.2.1 ratTASK-1 

Before the start of the experiments ratTASK-1 was present in pcDNA3 (in E Coli glycerol 

stock in -80ºC freezer). A sample from glycerol plates was streaked out on LB-AMP, which 

resulted in colonies the following day. A small number of colonies was transferred to 3mL L-

AMP medium and grown overnight. The next day a miniprep was performed. The DNA was 

eluted in AE buffer and submitted for sequencing. 

The TASK-1 sequence results (Source Bioscience) showed a single base pair mutation in the 

915th base of the TASK-1 sequence. 

Point mutation repair of ratTASK-1 DNA 

Mutagenesis with the Q5 Site-directed Mutagenesis kit (New England Biolabs, Hitchin, UK) 

was performed to correct the base pair mutation to its original sequence. First, the DNA and 

the construct were amplified with PCR. The following primers were designed with the help 

of software on the New England Biolabs website: 

T1SDM_A915C_F: 5’-TGGGCGTGGGcGTGGGCGTCG 

T1SDM_A915C_R: 5’-TGCCGCCTGCAGCCGCTG 

The following components were used for the exponential amplification (PCR): 
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Component Final concentration in 25µL 
Primer Forward  0.5 μM 
Primer Reverse  0.5 μM  
Q5 Hot start high fidelity 2x mastermix 
(NEB)   

1X 

Template DNA 25 ng 
H2O To 25 μL 
Table 2.7: components of ‘point mutation’ PCR 

The following PCR protocol was run: 

Step Time (Sec) Temperature (ºC) 
Initial denaturation 30 98 

25X   
Denaturation 10 98 

Annealing 20 72 
Elongation 210 72 

   
Final extension 160 72 

Table 2.8: PCR cycle for point mutation amplification 

Following the PCR amplification, a Kinase-Ligase-Dpnl (KLD) treatment was carried out. 

This enzyme mixture facilitates rapid circularization of the PCR product and removal of the 

template DNA. The following components were needed for the KLD treatment: 

Component Final concentration in 25µL 
PCR product  5 μL 
2x KLD reaction buffer  5 μL (1X)  
KLD enzyme mix    1 μL (1X) 
Nuclease free H2O 3 μL 
Table 2.9: Components for KLD treatment reaction 

The components were incubated at room temperature for 5 minutes.  

The final step consisted of a high-efficiency transformation of the KLD treatment product 

into 50µl chemically competent cells, provided with the site directed mutagenesis kit, which 
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followed the procedure as described in section 2.1.2 of this chapter. Following transformation 

40 µl of the transformation solution was plated on a agar-AMP plate and incubated overnight 

at 37ºC. The following day five colonies were picked up and further grown overnight in LB-

AMP medium. DNA was extracted the following day with a Miniprep kit (Qiagen) resulting 

in good yields. The samples were then sent off for sequencing. By repeating this protocol a 

number of times, a colony was identified that was correctly repaired.  

2.2.2 ratTASK-3 

At the start of the project ratTASK-3 in Vector pCI was available freeze-dried in the -20 

freezer. RatTASK-3 in pCI was redissolved from a dried DNA pellet in 20µl AE buffer 

(Qiagen) leading to 2.4µg/µl stock. This was transformed into competent E. Coli bacteria 

(section 2.1.2) and then plated on agar-AMP plates. 

First, ratTASK-3 was transferred from pCI to pcDNA3 (a kind gift from Dr. Norma Masson). 

This was done according to the protocol described in section 2.1.9. 

A PCR was performed to generate sufficient TASK-3 DNA with BAMHI (5 end) and Not1 

(3 end) restriction sites inserted to generate restriction sites for ligation into the BAMHI and 

Not1 restriction sites in pcDNA3. A PCR clean-up was performed, followed by a digestion of 

both the PCR product and pcDNA3 with BAMHI-HF (new England Biolabs) and NOTI-HF. 

This was followed by antartic phosphatase treatment of the insertion vector and completed 

with a ligation with T4 DNA ligase (New England Biolabs) in a 66ng-100ng ‘insert to 

construct’ ratio. This was left for 48 hours in the fridge to ligate. The ligation solution was 
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then transformed into competent bacteria as described in section 2.1.2. A colony PCR and 

extensive sequencing of the miniprep DNA confirmed correct insertion and orientation. 

Aliquots were saved in the -80ºC freezer in glycerol stocks.  

2.2.3 TASK-1 and -3 insertion into pIRES-EGFP 

pIRES-EGFP was chosen as the designated transfection vector as the fluorescent tag allows 

easy identification of transfected HEK cells. The primers were designed with the same 

principle as explained in section 2.1.9 and consisted of an AAA site, restriction site and 

complimentary DNA. 

The following primers were used for this: 

TASK-1_EcoRV_F  AAAAAA  GATATC        ATGAAGCGGCAGAATGTGCGCAC 

TASK-1_EcoRI_R   AAAAAA  GAATTC        TCACACTGAGCTCCTGCGCTTC 

TASK-3_NotI_F      AAAAAA  GCGGCCGC  ATGAAGCGGCAGAACGTGCGTAC 

TASK-3_EcoRI_R  AAAAAA  GAATTC        TTAGATGGACTTGCGACGGATGTG  

The DNA was amplified with PCR, which was followed by a PCR clean-up. The TASK-1 

was then digested with EcoRV and EcoRI and similarly a pIRES-EGFP vector was digested 

with the same enzymes. TASK-3 was digested with NotI and EcoRI as was the pIRES-EGFP 

vector. pIRES-EGFP was then treated with antartic phosphatase. Both the TASK DNA and 

the pIRES vector underwent another PCR clean-up and were eluted in EB buffer. DNA 

concentrations were measured with a nanodrop. The DNA was then ligated into pIRES, 

which was incubated at 4ºC for 48 hours. 
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Following the ligation, the DNA was transformed in DH5-α and plated overnight. A colony 

PCR was performed and, based on the obtained results, colonies containing TASK-1 or 

TASK-3, were picked up and grown in 3mL LB medium with AMP 100mg/L overnight at 

37ºC 225 rpm. The following day a miniprep was performed and the samples were submitted 

for sequencing to confirm correct sequence and insertion. The colonies with a correct 

orientation and insertion were grown again in LB-AMP medium, from which a midiprep was 

performed that yielded transfection ready DNA. 

2.2.4 Transient expression of TASK channels in HEK cells 

Human Embryo Kidney (HEK) HEK-293t and HEK-293 cells were transfected with TASK 

channels. Although experiments with both cells have been performed, I found that the 

channel expression in the -293t cells was even higher than the regular -293 cells. Ultimately, 

the goal was to get low enough channel expression for single channel studies and hence I 

opted to perform the majority of my experiments with -293 cells.  

2.2.5 Sub-Culture of HEK-293t and HEK-293 cells 

HEK cells (both -293 and -293t cells) were kept in a T25 culture flask (Corning, High 

Wycombe, UK ) at 37ºC and with 5% CO2 in culture medium. HEK-293 cells were obtained 

from Sigma (Dorset, UK) (European Collection of Cell Culture Lot 13F007 P65). 

1 litre of culture medium contained the following ingredients: 

• 870 mL Minimum Essential Medium Eagle + Sodium Pyruvate (110mg/L) (Sigma, 

Dorset, UK) 
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• 100 mL Fetal Bovine serum 10% final concentration (Gibco, Paisley, UK)  

• 10 mL L-glutamine with final concentration of 2mM (Sigma, Dorset, UK) 

• 10 mL Penicillin/Streptomycin with a final concentration of 100U/mL 100 µl/mL 

(Fisher Scientific) 

Approximately every three days the cells were split in a 1:10 ratio and plated in a new T25 

flask (Corning) with fresh medium. For splitting, the culture medium was gently removed 

with a serological pipet and the cells were rinsed in 3mL of Phosphate Buffered Saline (PBS) 

(Sigma, Dorset, UK). Then 1.5 mL of trypsin EDTA was added (Sigma, Dorset, UK) and the 

cells were incubated for approximately three minutes at 37ºC. The flask was gently shaken to 

enhance detachment of the cells from the wall. 8mL of fresh medium was added to the 

trypsinated cells and 1mL of this suspension was then added to 10 mL of culture medium in a 

new flask. 

2.2.6 Cell counting 

For cell counting the cells were detached as described in section 2.2.5 and mixed with fresh 

culture medium. 100µL of the detached cell suspension was added to an Eppendorf tube, 

which was mixed with a 100μL of Trypan Blue (0.4%: Sigma, Dorset, UK) to produce a 1:2 

dilution. A few microliters of the solution was pipetted carefully between the space of the 

hemacytometer (Assistant, Sondheim, Germany) and the glass coverslip.  

Both the blue cells (which were alive) and non-blue cells (dead cells) were counted. 

Expressing the blue cells as a percentage of total cells resulted in a % cell viability, which 

provided useful insight for transfecting cells. The cells were counted in the five squares 
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indicated in Figure 2.5. The total cells were divided by 5 to get an average of cells per square 

and this average was multiplied by 2 (because of the Trypan blue dilution). The volume per 

square was 0.1µL. The amount of cells per square was then used to calculate how much cell 

suspension needed to be added per well to seed the correct numbers of cells for transfection. 

 

Figure 2.1: Schematic graph of cell counting Chamber. Blue squares indicate the squares used for counting. 

Picture modified and adapted from: http://www.abcam.com/protocols/counting-cells-using-a-

haemocytometer 

2.2.7 Transfection of HEK cells with TASK 

For optimal transfection two different transfection kits were trialled. The first kit to be tried 

was the Qiagen polyfect kit from Qiagen and the second one was a lipofectamine 2000 kit 

from invitrogen. Ultimately the lipofectamine kit generated the highest percentage of 

transfected cells. 

http://www.abcam.com/protocols/counting-cells-using-a-haemocytometer
http://www.abcam.com/protocols/counting-cells-using-a-haemocytometer
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Qiagen polyfect protocol 

The day before transfection 6 *105 HEK cells were plated in a well of a 6-well plate with 

three mL HEK culture medium at 37°C and 5% CO2. The next day this resulted in a 

confluency of 40–80%. 2 μg of DNA dissolved in TE buffer, was diluted in Opti-MEM® 

Reduced Serum (Life Technologies, Paisley, UK) to a total volume of 100 μL. 20 μL of 

PolyFect Transfection Reagent was added and vortexed for 10s. This was incubated for 5–10 

min at room temperature (20–25°C) to allow complex formation. 600μL of normal cell 

growth medium (as seen in section 2.2.5) was added to the reaction mixture, which was 

gently mixed and was immediately transferred to the well containing cells in fresh standard 

culture medium. Cells were harvested, plated and studied 24-48 hours post transfection. 

Lipofectamine® 2000 transfection protocol 

The day before transfection approximately 6 *105 HEK cells were plated in a well of a 6-well 

plate with 3 mL HEK culture medium at 37°C and 5% CO2, which resulted in 70-90% 

confluency on the day of transfection. Depending on the DNA and experimental 

requirements, 800-2500ng of DNA was used for the transfection.  

For the transfection 100μL of Opti-MEM® Reduced Serum (Life Technologies) medium was 

added to each of two Eppendorf tubes. In the first Eppendorf tube the DNA (in TE buffer) 

was added and gently mixed together with 5µL PLUS reagent (Life Technologies, Paisley, 

UK), which was used to enhance transfection efficiency. In the second Eppendorf tube 

between 8-12µL of Lipofectamine 2000 (Life Technologies) was added. 
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Both solutions were incubated for 15 minutes. The solutions were then added together and 

gently mixed to allow for DNA-lipid complex formation for another 15 minutes. The total 

solution was added to the well containing the HEK cells. 

 

2.3 Glomus cell dissociation from rat carotid body 

2.3.1 Surgical procedure and sub-dissection 

Sprague Dawley rat pups P10-P15 (Harlan and Charles River) were terminally anaesthetized 

with 3-5% isoflurane in an induction chamber. Following a loss of righting reflex, the pup 

was transferred to a surgical table placed on a mouthpiece to which isoflurane was applied at 

a flow of approximately 500mL/minute. All procedures involving animals were approved by 

the University of Oxford's Local Ethical Review Process and were conducted in accordance 

with project and personal licences issued under the UK Animals (Scientific Procedures) Act 

1986. 

When a lack of pedal withdrawal reflex was observed in response to a pinch, the surgical 

procedure was started with an incision from clavicle to just below jaw line. During this first 

incision, extra care was taken to check for movement from the rat pup, which never occurred 

in any of the procedures. From the first incision, a triangle cut was made to expose the 

salivary glands. The glands were parted with forceps to expose the musculature underneath. 

The muscle running from clavicle to trachea and the muscle running alongside the trachea, 

were parted, which revealed the carotid artery. Removing the third large muscle located 

under the jaw line ensured completed exposure of the bifurcation.  
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Following exposure of the carotid artery and bifurcation, the remaining fat and tissue was 

removed. A ligature was tied around the caudal end of the common carotid artery. The 

common carotid artery was cut rostral to ligature, which was followed by two more cuts on 

the internal and external carotid artery. These cuts allowed the superior cervical ganglion 

(SCG) to stay attached and the cut out tissue was then transferred to ice cold PBS in a 

dissecting dish. In Figure 2.2 an image of the surgery can be seen in which the bifurcation is 

highlighted. 

  

Figure 2.2: Carotid bifurcation. (A) picture showing the carotid bifurcation B: Same picture but the 

bifurcation highlighted in black and the glossopharyngeal nerve in white. 

The bifurcation was pinned ventral side down with small insect pins in a petri dish with the 

common carotid artery pointing to the top of the dish and the internal and external to the 

bottom with the SCG lying on top of the bifurcation. Fat and other tissue was removed, which 

allowed for better exposure of the bifurcation with the SCG and vagus nerve. The SCG was 

carefully removed exposing the carotid body, which was located close to the internal carotid 

artery wall closest to the Vagus nerve, see Figure 2.3. The carotid body was then cut out and 
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put in a small dish containing PBS. During a typical day of experiments four carotid bodies 

were removed from two rat pups. 

 

Figure 2.3 Rat carotid bifurcation. On the left, the carotid body indicated with the arrow.  

Once all carotid bodies had been isolated, they were transferred to a dish containing HAMS-

F12 (Sigma, Dorset, UK) with trypsin 0.4mg/mL (sigma, Dorset, UK) and Collagenase 

0.6mg/mL (Worthington, Lakewood, NJ, USA), which was pre-equilibrated at 37ºC with 

11% oxygen  and 5% CO2 to simulate arterial oxygen tensions. The enzymes were weighed 

and mixed with the medium and before application to the carotid bodies they were sterile 

filtered with a filter (0.22µm Merck Millipore ltd. Carrigtwohill, Ireland). The total 

incubation time was 21-23 minutes. After the initial 15 minutes of incubation, the carotid 

bodies were teased apart with forceps to increase the surface area exposed to the digestive 

enzymes for the second part of the incubation.  

Once the enzymatic incubation time was completed, the carotid bodies were transferred to 

F12+ medium enriched with insulin (Sigma, Dorset, UK), fetal bovine serum (10% Gibco) 

and L-Glutamine (Sigma, Dorset, UK). In this solution, the carotid bodies were gently 



54 

 

agitated for 30 seconds to wash off enzyme solution. The carotid bodies were then transferred 

to a dish with similar culture medium, but with the addition of trypsin inhibitor (Sigma 

Dorset, UK). From this medium, 250-500μL was transferred to a clear 10mL tube in which 

the carotid bodies were triturated with fire polished glass pasture pipettes using a tip opening 

between 100 and 400 um for the larger pipette and between 30 and 100 um for the smaller 

pipette. The carotid bodies were triturated between 1-5 minutes, until no large pieces of 

tissues were visible from underneath the microscope. 

The tissue containing medium was then transferred onto poly-L-lysine coated coverslips with 

approximately 30μL on each 6mm coverslip (VWR international). The coverslips with 

medium were incubated for two hours at 37ºC with 11% oxygen and 5% CO2. Two hours 

later the cells were topped up with F12+ medium containing 2 uL/mL rhodamine conjugated 

peanut agglutinin (PNA) (Vector laboratories, Burlingame, CA, USA) to label type-1 cells. 

On a typical day, when two pups were used, 8-16 healthy stained type-1 cells were identified. 

2.3.2 Explanation for choice of rat-pups 

Rat pups were chosen over mice because isolating carotid bodies from mice remains 

extremely challenging, which results in a lower success rate in isolating the carotid body and 

also a lower total amount of cells. In mice, instead of a single cluster of cells, the carotid 

body appears to be spread amongst several islands of cells (Slingo, 2013). In rats the carotid 

body can be identified as a clearly visible discrete structure. 
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By using rat pups instead of adult rats, it becomes easier for the carotid body to be dissected, 

as there is less connective and fat tissue present. A faster identification and removal of the 

carotid bifurcations leads to a shorter procedure and a better chance to obtain healthy cells. 

Similarly, a milder and shorter enzymatic digestion and trituration improves the cell quality. 

The use of the relatively young pups is justified as resetting of the peripheral arterial 

chemoreceptors happens already in the first few days (Eden and Hanson, 1987, Carroll et al., 

1993, Wang and Bisgard, 2005). 

2.3.3 Staining of glomus cells 

To distinguish the type-1 cells from the other cells that could end up in the carotid body cell 

prep, such as type-2 (sustentacular) cells, a rhodamine conjugated peanut agglutin (PNA) 

staining was performed. Kim et al. (2009b) established that PNA exclusively stains tyrosine 

hydroxylase positive cells (another marker for type-1 cells) in rat carotid bodies and that the 

PNA staining does not compromise cell health (i.e. a hypoxic response). For a rhodamine 

conjugated PNA staining, 2 mL of medium was added to the dish containing the carotid body 

coverslips and 4µL PNA was added, so a final concentration of 2 µL/mL was reached. Cells 

were incubated for at least an hour. This resulted in a bright orange staining for glomus cells 

once excited at 485nm.  
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2.4 Normoxic and anoxic solutions in perfusion rig 

2.4.1 Solutions and gas mixtures used for experiments 

The solution of choice was the CO2-HCO3
- buffered standard Tyrode solution containing the 

following ingredients:  

Ingredient Concentration (mM) 
NaCl 117 
KCl 4.5 
MgCl2 1 
NaHCO3 23 
Glucose 11 
CaCl2 2.5 
Table 2.10: Standard Tyrode ingredients 

This Tyrode solution was equilibrated with 95% air/5% CO2, pH 7.4. A few variations were 

made to the Tyrode solution when the experiments required, which is clearly indicated in the 

relevant chapters. The two most common modifications are: 

x High K+ Tyrode, 100mM KCl added and NaCl reduced to 21.5mM 

x Ca2+ free Tyrode, instead 0.1mM EGTA is added to chelate the remaining Ca2+ 

2.4.2 Hypoxia Tyrode solutions  

Hypoxic Tyrode solutions were equilibrated with 

x 0% hypoxia (5% CO2 in 95% N2 , without sodium dithionide)   

x 1% hypoxia (1% O2, 5% CO2, 94% N2). 
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Air-tightness of the perfusion rig was assessed by measuring O2 levels in the experimental 

bath. The O2 levels were measured with an optical O2 sensor (Presence, Regensburg, 

Germany) equilibrated with a normoxic and anoxic gas resulting in a two-point calibration. 

The normoxic gas used was 5% CO2 in 95% air and the anoxic equilibration gas used was 5% 

CO2 in 95% N2, with the addition of 250μM Na2S2O2 (sodium dithionide), which reacts with 

the remaining O2 in the solution, so an oxygen-free solution is ensured for calibration.  

When 1% hypoxia (predicted pO2 in experimental bath 7.6 mmHg) was delivered, the 

electrode placed in the experimental bath measured 10.6 mmHg. When 0% hypoxia (5% CO2 

in 95% N2) was delivered the electrode measured 3 mmHg.  

These results confirmed that the perfusion rig was air-tight with negligible ingress of O2 from 

the atmosphere. Furthermore, since the measurements were taken directly from the 

experimental bath, this also indicated that the flow rates were appropriate and maintained the 

hypoxia. Additionally, switches into and out of anoxia/hypoxia were rapid, with the 

equilibrium achieved within 3 seconds. 
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2.4.3 The experimental 1% oxygen stimulus 

The main hypoxic stimulus used in this thesis to study the effects of anaesthetics in 

combination with hypoxia is 1% oxygen equilibrated Tyrode solution, which, as described in 

the previous section, results in a PO2 between 7.6 and 10.6 mmHg. In normoxia, the 

consensus regarding the PO2 of microvascular blood in the carotid body is approximately 30-

40mmHg (Acker et al., 1971) (Lahiri et al., 1993). In hypoxia the oxygen tension will 

consequently be lower. Furthermore, as the cells in the carotid body are clustered, the oxygen 

tension in the inner most cells in the centre is likely lower than the PO2 in the supplying 

capillaries. Although it remains difficult to exactly determine what the most relevant hypoxic 

stimulus is, I reasoned that a PO2 between 7-10mm Hg will most likely represent a relevant 

hypoxic stimulus, as it is not the strongest stimulus (0% O2 and anoxia) but strong enough to 

evoke a robust response to hypoxia.  

 

2.5 Anaesthetic delivery and verification 

2.5.1 Description of perfusion system 

The cell perfusion system is shown in Figure 2.4. Gas is delivered from compressed gas 

cylinders connected through air flow regulators and rotameters via narrow-bore plastic tubing 

to vaporizers containing anaesthetic (halothane, isoflurane and sevoflurane). The gas 

cylinders (British Oxygen Company, Surrey, UK) can contain air, N2, O2, and CO2 in various 

concentrations of hypoxic mixtures. The typical flow rate of gas delivery to the vaporizers is 
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200-700mL/min, measured via rotameters. From the vaporizer outlet the anaesthetic-gas 

mixture passes through narrow-bore flexible nylon tubing (BS5409) to a plastic costar pipet 

gas dispersion tube (Corning, High Wycombe, UK) immersed in a glass bottle (volumes of 

0.2-2 L are used, as needed) containing Tyrode solution. 

The bottles (Schott Duran, Wertheim, Mainz, Germany) are capped with a plastic lid into 

which are punched two holes: one large hole to allow passage of the gas dispersion tube and 

one small hole to allow passage of the narrow bore metal aspiration tube (see below) that 

aspirates the solution into the delivery system for perfusion to the experimental bath. This 

small hole also allows passage of a fine plastic connector tube leading to the infrared gas 

analyser (Capnomac Ultima, Helsinki, Finland) for continuous anaesthetic vapour analysis of 

the headspace above the solution in the bottle. This analyser was checked and calibrated with 

readings from a mass spectrometer (Airspec 3000, Airspec Ltd, Biggin Hill, UK;), which was 

calibrated with standard agents as calibration gases. 

The bottles are placed in a water bath heated to ~38ºC to achieve a temperature of 37ºC in the 

experimental bath. The gas from the vaporizer bubbles continuously into the bottle 

throughout the experimental period with sufficient time for equilibration before the start of 

any experimental recordings, as confirmed by attainment of the desired, stable value on 

infrared capnography. Both Millman and Young (1992) and Becker et al., (2012) have shown 

that equilibration is reliably achieved after ~10 min across a range of anaesthetic 

concentrations. 
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To deliver the solution from the bottle to the experimental bath a stainless steel (medical 

grade) aspiration tube is placed into the solution of the glass bottle via a small hole in the cap 

(see above). The delivery to the experimental bath is by gravity through stainless steel tubing 

and short sections of Pharmed (Akron, USA) tubing (flow 6-7mL/min). The solution is then 

aspirated from the bath using a peristaltic pump as a vacuum source. It is possible to make a 

switch from one experimental solution (eg air) to another (eg air with anaesthetic) using a 

two-way tap (constructed of PTFE and nylon) connected to the bath entry, which is operated 

by a lever. Switching the tap results in rapid change of solution within <1 second. The 

solution exits the experimental bath and passes through the compressors of a peristaltic pump. 

This perfusion system is ‘closed’ in the sense of being air-tight, as one particular aim is to 

maintain conditions that enable administration of near-anoxic stimuli to the cells of interest, 

so that it is suitable for work with cells like carotid body glomus cells that are oxygen 

sensitive. 
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Figure 2.4: Perfusion system: From cylinders (G) carrier gas passes through rotameters (R) into 
vaporizers (V); which can be on or off (halothane and isoflurane shown as examples). When the vaporizer is 

off, all gas bypasses the anaesthetic. From the vaporizer outlet the anaesthetic-gas mixture passes through 

narrow-bore plastic tubing to a gas dispersion tube immersed in a glass bottle. A second, narrow bore metal 

aspiration tube aspirates the solution for delivery to the experimental bath. The flow of solution in the system 

from the bottle to the waste is driven by gravity and a peristaltic pump. 

2.5.2 Challenges of accurate anaesthetic delivery 

Handling volatile agents in standard perfusion rigs poses several challenges. Their very 

volatility (boiling points ~23-59ºC) means that these gases have a tendency to be lost from 

solution. Even if it is air-tight, the delivery system needs to ensure sustained equilibrium 

between anaesthetic gases in solution with the gas phase above the solution. However air-

tight the delivery system, experimental baths into which the tissue or cells are placed are 

impossible to shield completely from the atmosphere and rapid evaporation can occur if this 

is not well controlled. Furthermore, the carotid bodies I study need to be constantly perfused 
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with O2 to maintain constancy of their environment and flexibility to change the O2 gas 

tensions. A review of published studies working with volatile anaesthesia revealed that to 

date it has been proved difficult to design a system that meets all these requirements in 

delivering anaesthetics to in vitro preparations. Many groups pre-equilibrate their solutions 

by bubbling and then storing it in bottles or air tight syringes from between a couple of 

minutes to several hours. How this equilibrated agent is stored and delivered to the biological 

preparation then differs across published studies. For example by keeping the solutions in 

Erlenmeyer flasks covered tightly with parafilm (Sirois et al., 1998). Generally, these 

methods might be described as ‘closed’ since their aim is to keep the anaesthetic in solution 

closed to the atmosphere until the time of exposure to experimental tissue.  

However, despite being ‘closed’, chromatographic measurements of the samples from the 

experimental baths using these methods have revealed a loss of 20% - 50% compared with 

what was expected from calculations based on the dialled concentrations on the vaporizers 

(Miu and Puil, 1989, McDougall et al., 2008). Furthermore, because the  experimental bath is 

inevitably exposed to the atmosphere, McDougall et al., (2008) demonstrated that a very 

variable loss of agent can arise unless there is a system for continuous perfusion with 

equilibrated solution. The option of frequent sampling from the experimental bath solution on 

a daily basis to confirm system performance is not only very time consuming, but also 

expensive. In order to verify the set-up as described in section 2.5.1 (and in order to 

anticipate reviewer enquiries), a gas chromatography–mass spectrometry (GC-MS) 

verification of the anaesthetic perfusion system has been designed with the aim of answering 

the following five questions: 
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1. Is the vaporizer output stable over time? 

2. Is there a loss of anaesthetic between the bottle in which the bubbling takes place and 

the experimental bath in which the volatile anaesthetics are applied to the cells? 

3. Is there a linear relationship when increasing the % of anaesthetic applied? 

4. Is it possible to mix two different anaesthetics? 

5. Is there thymol present in the Tyrode bottle? 

2.5.3 GC-MS measurements of anaesthetics in solution 

Samples were taken from two sites in the apparatus (Figure 2.4). The solution from (a) the 

bottle into which anaesthetic was bubbled and (b) from the experimental bath was carefully 

but rapidly drawn up using a 2 mL syringe and then swiftly placed into 2 mL autosampler 

vials (Finneran Associates, Vineland, USA) until a convex meniscus was formed. The cap 

was attached immediately excluding any air contamination. The vials were then analysed in 

batches. It was separately confirmed using repeated measurements of the same sample over 

24 hours that there was no loss of anaesthetic from the autosampler vials, verifying that 

measurement in batches was appropriate.  

GC-MS analysis was performed using an Agilent 7200 Quadrupole Time-of-Flight mass 

spectrometer, coupled directly to an Agilent 7890B Gas chromatograph and an Agilent GC 

Sampler 120 autosampler (Agilent, Stockport, UK). Standards were prepared in a non-polar 

solvent so as to exploit the high oil:gas partition coefficients of halothane and isoflurane (224 

and 98 respectively). Toluene (analytical grade, Fisher, Loughborough, UK) was chosen as it 

has a higher boiling point (111 °C) than either halothane or isoflurane (50 and 48 °C 

respectively) and would elute after the analytes when using standard gas chromatography 

techniques. The autosampler was equipped with a 10 µL syringe and its operation was 

carefully designed to minimise outgassing of analytes. Prior to injection the syringe was 
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flushed once with toluene then three times with water. The syringe was then cleaned with the 

sample twice (10µL of sample was withdrawn and dispensed to waste). The syringe filling 

speed was set to 0.5µL/s and sample was drawn up and ejected three times before injecting 

10µL of the sample. Following injection, the syringe was flushed three times with toluene 

and three times with water. 

The gas chromatograph was equipped with an HP-5 column (30m, 0.25mm ID, 0.25µm film 

thickness, Agilent, Stockport, UK), the carrier gas was helium (BOC, Slough, UK) and the 

flow rate was 1.2mL/min. The inlet was set to 300°C with a split ratio of 100:1.  The oven 

was held at 40°C for three minutes then ramped at 100°C/min to 240°C and held for 2 

minutes. The transfer line was maintained at 300°C. The mass spectrometer was operated in 

electron ionisation (EI) mode with a source temperature of 230°C and electron energy of 

70eV. Mass spectra were collected between 50-500 m/z and ionisation was disabled after 3.7 

minutes (after all analytes had eluted but before the toluene eluted). MassHunter software 

(Agilent, Stockport, UK) was used for instrument control and data analysis. Responses for 

each analyte were determined using the area of peaks seen in the total ion count (TIC) mass 

chromatograms. Identities of analyte peaks were confirmed using comparison to the NIST 

mass spectral library (National Institute of Standards and Technology, Gaithersburg, MD, 

USA)1. 

                                                 

1 The GC-MS read out of the samples I delivered and prepared has been kindly performed by James Wickens, 
who also designed the protocol for GC-MS analysis and provided me with the textual description of the protocol 
as described in section 2.5.3.  
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2.5.4 Vaporizer output remains stable over time 

To confirm that the vaporizer output remained stable over a longer time, head space gas 

measurements were taken every 10 seconds and then every minute to assess concentrations of 

anaesthetics in the head space above the Tyrode solution. As depicted in Figure 2.5 both 

vaporizers generate a stable output of both halothane and isoflurane in the headspace gas. 

Figure 2.5: Measurement of headspace gas after opening of vaporizor dial. Measurements performed in 

headspace gas above  200mL Tyrode at ~37/38ºC in bottle. Within 1 minute the measurement of headspace % 

was stable. Measurements were performed for 45 minutes. The same experiment performed at higher 

concentrations of isoflurane (2% and 4%) showed similar calibration curves. 

2.5.5 Linear relationship of anaesthetic concentrations bottle and bath 

GC-MS samples were taken from both the bottle and the bath for the following headspace gas 

concentrations as measured with the infrared analyser: 0.5%, 1%, 2%, 3% and 5%. No 

samples were taken of concentrations higher than 5% as this is outside of what the infrared 

analyser has been calibrated for and can reliably measure, according to its manual. Figure 2.6 
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shows the results of sampling for the two anaesthetic agents from the bottle, and Figure 2.7 

shows the results for sampling from the experimental bath.  
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Figure 2.6: Sampling from bottles for anaesthetics. Panel A: isoflurane; panel B, halothane. Each panel is a 

plot of anaesthetic concentration measured by GC-MS (ppm) versus % anaesthetic in headspace gas. Each point 

is the mean of 5-8 samples ± SEM and line fitted by least squares linear regression. For isoflurane, the equation 

is: PPM = 6.0 x % headspace gas (r2 = 0.98). For halothane, the equation is: PPM = 4.8 x % headspace gas (r2= 

0. 93) 
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Figure 2.7: Sampling from experimental bath for anaesthetics. Panel A: isoflurane; panel B: halothane. Each 

panel is a plot of anaesthetic concentration measured by LGC (ppm) versus % anaesthetic in headspace gas. 

Each point is the mean of 5-8 samples ± SEM and line fitted by least squares linear regression. For isoflurane, 

the equation is: PPM = 4.9 x % headspace gas (r2 = 0.96). For halothane, the equation is: PPM = 4.8 x % 

headspace gas (r2= 0.96). 
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It is clear that for both agents there is a strong linear relationship between the vaporisation 

rate on the vaporiser and the concentration parts per million (PPM) obtained in solution 

across a wide range of concentrations (r2 range 0.93-0.98). These relationships were found 

both in samples from the bottle and the experimental bath. Exact equations were calculated 

(see Figure legends), but approximately the relationship for anaesthetic concentration in the 

experimental bath at point of presentation to the tissue is ~5 ppm per % vapour, regardless of 

agent. The variation in results was highest at the higher concentrations, perhaps indicating the 

influence of sampling error at these higher doses. 

2.5.6 No significant loss between bottle and bath 

Figure 2.8 shows that there was no consistent loss of agent across a wide range of 

concentrations between bottle and perfusion bath for both agents (ANOVA p = 0.127).  
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Figure 2.8: Plot of the absolute difference in measured concentration of anaesthetic between bottle and 

experimental bath. Panel A: isoflurane; panel B: halothane. Each panel is a plot of the difference in 

concentration (same scale as Figs 2 and 3) measured by GC-MS for bottle minus bath vs % anaesthetic in 

headspace gas. A positive value indicates the bottle measurement is higher than the bath (and thus potential loss 

of agent); a negative value indicates the bath measurement is higher than the bottle (and since anaesthetic cannot 

have been ‘gained’, is an index of inherent experimental sampling or measurement error). Each point is the 

mean of 5-8 samples ± SEM. There was no consistent loss of agent across a wide range of concentrations 

between bottle and perfusion bath for both agents (ANOVA (p = 0.127). 
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2.5.7 Concentration response curve for sevoflurane 

As the halothane and isoflurane studies have shown that there is no consistent loss of agent, a 

few sevoflurane concentrations have been measured in the Tyrode bottle to also generate 

sevoflurane PPM measurements (studied in chapter 4). The data-points are an average of n=3, 

the equation for sevoflurane is 3.8 x % headspace gas with an R2 of 0.98. 
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Figure 2.9: Sampling from bottles for Sevoflurane. The figure is a plot of anaesthetic concentration measured 

by GC-MS (PPM) versus % anaesthetic in headspace gas. Each point is the mean of 3 samples ± SEM and line 

fitted by least squares linear regression. The sevoflurane equation is: PPM = 3.8 x % headspace gas (r2 = 0.98).  
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2.5.8  Mixes of halothane and isoflurane yield expected PPM concentrations in the 

bottle 

A number of experiments in this thesis are performed with mixes of concentrations of 

halothane and isoflurane. This is more challenging than single agents, as the infrared analyser 

can not measure two agents simultaneously. For this set up vaporizers were put in series, so 

that the output of the isoflurane vaporizer was connected to the rotameter upstream of the 

halothane vaporizer and the isoflurane output therefore entered the halothane vaporizer. The 

ouput of the halothane vaporizer, containing both isoflurane and halothane, then went through 

the gas dispersion tube to bubble the Tyrode solution in the bottle. A schematic illustration of 

this is shown in Figure 2.10. This method was preferred to equilibrating the Tyrode solution 

with two different gas dispersion tubes, as the concern was that the high amount of bubbles 

generated from two dispersion tubes would prevent accurate mixing. 

 

Figure 2.10: In series set up for mixes of isoflurane and halothane. 

To ensure the highest possible accuracy without real time infra-red analysing, the headspace 

gas was measured before the start of each experiment. The vaporizers were connected in 

series and then individually calibrated, which meant that notes were taken as to how far the 
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dial needed to be opened to achieved the desired concentration in the head space. Once this 

was done, both vaporizers were opened. 

To verify the presence of both anaesthetics in the solution, mixes of isoflurane and halothane 

were measured in the bottle to minimize sampling error. The PPM concentrations from the 

mixes were compared with the equation generated for PPM concentrations in the bottle for 

single agents. The equation in the bottle for halothane was PPM = 4.8 * % vaporized. For the 

isoflurane bottle, the formula was PPM = 6.0 * % vaporized. The concentrations represent an 

average of N=5 for all data-points. Table 2.11 shows combinations of mixtures that have 

been used for experiments in chapter 3 and reveals that there was no loss detected of agents 

compared to the concentrations predicted from the ppm equations. 

A Halothane  
2.5%   
(PPM) 

Isoflurane  
1.5% 
(PPM) 

Expected 12.0   9 
Measured 17.5  (0.6) 9.9 (0.6) 

Table 2.11: PPM for different concentrations of isoflurane mixed with 2.5% halothane. Relevant for mixes 

in chapter 3. Table A to D represent the mixes as indicated in table heading.  

In all cases, the measured concentrations were slightly higher than predicted by the equations. 

This probably reflects a minor sampling error in one of the experiments. Some experiments in 

this thesis have been performed with 1.5% (instead of 2.5%) halothane with a variety of 

isoflurane mixes (not higher than 4% isoflurane). Because the higher concentrations were 

B 
Halothane  
2.5%   
(PPM) 

Isoflurane  
2.5% 
(PPM) 

Expected 12.0   15 
Measured 18.5 (0.2) 16.3 (0.2) 

C 
Halothane  
2.5%   
(PPM) 

Isoflurane  
4% 
(PPM) 

Expected 12.0   24 
Measured 18.4 (0.3) 26.2 (0.5) 

D 
Halothane  
2.5%   
(PPM) 

Isoflurane  
5% 
(PPM) 

Expected 12.0   30 
Measured 16.4 (0.9) 29.7 (1.6) 
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bubbled successfully in the bottle, I assumed that lower concentrations should also be 

accurately mixed. The 4% halothane and 4% isoflurane mixture has also been measured for 

PPM concentrations and this also resulted in accurate bottle concentrations as can be seen in 

Table 2.12. 

A Halothane  
4%   
(PPM) 

Isoflurane  
4% 
(PPM) 

Expected 19.2   24 
Measured 22.5  (2.62) 22.2 (2.83) 
Table 2.12: PPM measurements for the mixture of 4% halothane and 4% isoflurane 

2.5.9 Absence of Thymol in Tyrode solution 

Thymol is added to commercial supplies of halothane at a concentration of 0.01% as a 

stabiliser and preservative. When the vaporizers are not drained as advised every week, 

thymol can accumulate (Rosenberg and Alila, 1984). It has been suggested that thymol may 

be an active ingredient since it was found to influence GABA receptor activity in mouse 

cortical neurons (Garcia et al., 2006) and decreases the L-type Ca2+ and K+ current in canine 

cardiomyocytes (Magyar et al., 2002). Therefore, while analysing the halothane Tyrode 

samples, they were also tested for the presence of Thymol, but none was detected (with an 

accuracy of <1parts per billion; ppb). Therefore, it is excluded that the results in this thesis 

are in any way influenced by the Thymol acting on the carotid body or HEK cells. 

2.5.10  Comparison of our PPM values with other studies 

In terms of the absolute value (in ppm or µM) of anaesthetic concentration in solution for a 

given percentage vaporizer concentration, a very wide range has been reported in the 
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literature. When converting the PPM measurements to µM for the experiments in section 

2.5.5, a ~50 – 150 µM in solution for  ~1-3% anaesthetic in the headspace gas was obtained. 

This is a slightly wider range than that reported by (McDougall et al., 2008) who reported 

~100-180 µM for similar vapour concentrations and close to the ranges reported by (Miu and 

Puil, 1989). However, all these values are approximately half as much again as those reported 

by (Becker et al., 2012) and a factor of nine times less than found by (Roch et al., 2006) and 

by (Pancrazio, 1996). These large disparities that are reported in the literature may be related 

to the precise composition of solutions used in the respective studies and their solubility for 

anaesthetics, or sampling error, or vapour loss, or a combination of all of these. However, due 

to the linear relationship and consistency of PPM measurements over different days and the 

minimal loss of agency between bottle and bath it seems fair to conclude that measurements 

in this chapter represent the true solubility of the specific Tyrode solution composition. 

It is also important to keep in mind that the biological action of volatile anaesthetics is 

regarded as driven by their partial pressure (so % measured in headspace) and not their 

dissolved content (Eger et al., 1986).  

2.5.11  Summary of GC-MS testing of anaesthetic perfusion rig 

The above experiments show that this anaesthetic perfusion system achieves reliable and 

stable concentration of anaesthetics in the experimental bath at point of presentation to the 

tissue, with minimal loss of vapour. This is confirmed for halothane, isoflurane and 

sevoflurane, which are the agents used in this thesis. The agents are linearly related to 

vaporiser dialled concentrations and with very little variation across a wide range of 
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concentrations. The GC-MS measurements confirmed that continuous monitoring of the 

concentrations of anaesthetic vapour from the headspace gas above the solution in the bottle, 

should be a generally sufficient method of monitoring the input vapour concentrations. In the 

experimental chapter in this thesis (chapter 3-6) I will however refer to % instead of PPM.  

The perfusion system and experiments performed in this section were the basis of a 

publication in the Journal of Neuroscience Methods (Huskens et al., 2016)  see appendix I. 

2.6 Chemicals and drugs 

The details of the chemicals used and their suppliers will be elaborated upon in the relevant 

chapters. This includes, where necessary, details about the solvents they were kept in and the 

exact way of application to the cells. 

2.7 Measurements of intracellular Ca2+ using Indo-1-AM 

2.7.1 Dye loading for glomus cell experiments 

The rat glomus cells were loaded with Indo-1-AM (Molecular Probes, Leiden, The 

Netherlands) (dissolved in dimethyl sulfoxide) in 2mL F12+ medium at room temperature 

and incubated for exactly 1 hour in a final concentration of 1.5μM Indo-1-AM . Following 

the initial incubation, the cells were transferred to Indo-1-AM free medium to prevent the cell 

from overloading. By using the acetoxymethyl (AM) ester derivative of Indo, the cellular 
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esterases cleaved the attached methyl group once the Indo was taken up by the cell. As a 

result of this,  the Indo became negatively charged and was then trapped in the cell.  

2.7.2 Instrument settings  

The fluorescence-excitation light source for Indo-1 was provided by a 100-W xenon lamp 

(Nikon, Tokyo, Japan) and filtered at 340 ± 5 nm. Indo-1 fluorescence was collected through 

an inverted microscope (Nikon Diaphot 200, Tokyo, Japan) and split by a dichroic mirror of 

450nm, then fluorescence was detected at 405 and 495nm by a pair of tri-alkali 

photomultiplier tubes (PMT) cooled to between -20oC and –28oC. The output from each PMT 

was fed through a current-to-voltage converter and then digitized (250 Hz; CED 1401). 

Signals were averaged over 0.5 second intervals to give a final sampling rate of 2Hz.  

2.7.3 Calibration of INDO-1-AM in type-1 cells 

The concept of ratiometric measurements  means that any change in fluorescence leads to a 

fluorescent intensity increase at one wavelength, and a decrease at the other wavelength. This 

increases the accuracy of the measurements. INDO-1-AM (ratiometric dye) measurements 

were calibrated with a two point calibration, which allowed for the fluorescence output (R) to 

be converted to a [Ca2+]i. This was calculated with the following equation: 

             F495 free          R-Rmin  
                        𝐹495 bound       𝑅max-R 

R = observed fluorescence ratio  405 nm/ 495 nm in experiment   

Rmin = fluorescence ratio of the [Ca2+] free form of indo-1   

Rmax= fluorescence ratio of the saturated [Ca2+] bound form of indo-1   

x [Ca2+] =  Kd x 
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F495 free = the fluorescence intensity in [Ca2+] free solution in 495 wavelength  

F495 bound =  the fluorescence intensity in [Ca2+] max solution at 495 wavelength  

F495,free/bound ratio = ratio fluorescence of free form at 495nm/bound form at 495 nm  

Kd = dissociation constant for indo-1, 230nM (Jackson et al., 1987) 

The calibration constants marked with an * were obtained from the ionomycin calibration 

protocol using ionomycin on carotid body cells. The typical results can be seen in Table 2.13. 

R min* R max* F495 Free* F495 bound* F495/495free-bound ratio 

0.28 1.95 0.18 0.07 2.6 
Table 2.13: Results of the ionomycin calibration. 

The calibration solutions consisted of (in mM: 150 KCl 5 NaCl 1MgCl2 10 HEPES pH 7.4 at 

37°C). The carotid body cells were incubated in the standard F12+ DMEM medium, stained 

with PNA and loaded with Indo-1-AM. After one hour of incubation, the dishes were put in 

the Ca2+-free 10μM ionomycin calibration solution for 20 minutes. Following the incubation, 

cells were put in the experimental bath in a Ca2+ and ionomycin-free solution and a peanut 

agglutin positive cell was quickly identified. Once identified, the background emission was 

corrected and the solution was switched to 10μM ionomycin containing Ca2+-free solution 

for 90 seconds allowing for the Rmin and F495 free values to be determined. Next the 

solution was switched to one containing 10mM Ca2+ wherein the values for Rmax and F495 

bound were determined. Measurements were performed after background correction. 
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2.7.4 Analysis of [Ca2+]i recordings 

Figure 2.12 shows a schematic representative recording. Each recording starts with an 

application of hypoxia and after that the normoxic solution is switched back on. Next the 

agent of interest is applied (A) in normoxic conditions, which allows for measurement of 

changes in baseline if any occurs (not in this example). Next, the same hypoxic stimulus is 

applied, which allows for measurement of agents (A) combined with hypoxia. In the 

recording the hypoxia stimulus without agent (A) represents the max response and is set to 

100%. The magnitude of the hypoxic stimulus is then compared to the magnitude of the 

hypoxic stimulus in combination with agent (A) which is for example a 25% increase (orange 

arrow). The green arrow represents the depression, which is then 75%. 

Figure 2.11: Schematic representation of a Ca2+ recording. The red arrow indicates the max increase in 

[Ca2+] in response to 1% oxygen. The orange arrow indicates the increase in [Ca2+] in response to 1% oxygen in 

combination with agent A. The green arrow indicates the magnitude of the % depression when agent A is 

compared to the hypoxia control response. 
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The agent effect is calculated as:  

                              [Ca2+]i hypoxia 1% with agent – [Ca2+]i baseline      .  
                   [Ca2+]i hypoxia 1% - [Ca2+]i baseline 
 
And consequently the agent depression is: 

% depression = 100 - agent effect 

In this thesis, most of the graphs will show the calibrated Ca2+ concentrations on the y-axis. 

However, a few graphs will show the unconverted raw output from the IV converter and thus 

the output will be displayed on the Y-axis in volts. 

2.8 Measurements of mitochondrial NADH auto-fluorescence 

2.8.1 Instrument settings 

Single wavelength fluorescence measurements of Nicotinamide adenine dinucleotide 

(NADH) were performed using a microspectrofluorimeter based on a Nikon Diaphot 200 

(Tokyo, Japan) equipped with a xenon lamp to provide excitation. NADH was excited at 340 

nm and fluorescence was measured at 450±15 nm. A photomultiplier tube (Thorn EMI, 

London, UK) was cooled (−20◦C) and used to detect emitted fluorescence; this ran through 

an IV converter which resulted to an output in Volts. Data was collected using a CED Analog 

to Digital converter (1401) and Spike 2 software (Cambridge Electronic Design, Cambridge, 

UK). Signals were averaged over 0.5 second intervals to give a final sampling rate of 2Hz. 

2.8.2 Analysis of [NADH] recordings 

Agent effect = x 100 
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Figure 2.13 shows a schematic representation of an NADH recording. Before the start of each 

recording the cell is moved out of the field and the background is adjusted to 0 volts. The cell 

is moved back into the field, which results in the measurement of baseline fluorescence as 

indicated by the grey dotted line. Upon application of the specific complex 1 inhibitor 

rotenone (1μM; Sigma, Dorset, UK),] or upon application of anoxia, the mitochondrial 

NAD+/NADH redox couple is assumed to be maximally reduced (i.e. all in the form of 

NADH). Upon application of carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 

(FCCP), on the other hand, the redox couple is assumed to be maximally oxidised, i.e. in the 

form of NAD+, which is non-fluorescent. Therefore, the total mitochondrial NADH 

concentration range can be defined by the application of rotenone/anoxia and FCCP, which is 

indicated by the green arrow. Any remaining fluorescence signal under these conditions 

comes from other sources including non-mitochondrial NAD+/NADH. For each individual 

recoding, the anoxia stimulus was used to determine the maximal increase in signal and set at 

100% related to the baseline (represented by the red arrow). For every agent tested, the 

difference between the baseline and the agent effect was measured and expressed in 

percentages compared to anoxia. So in Figure 2.12 agent A evokes an increase of 25% 

whereas agent B evokes an increase of 50%. 
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Figure 2.12: schematic representation of an NADH recording. The grey dotted line represents the steady 

state auto-fluorescence of the cell in 21% oxygen. The green arrow represents the total NADH range. The red 

arrow represents the max increase of NADH compared with baseline, The orange arrows represent the increase 

from baseline to max for agent A and B. The increase is then expressed as a % of the maximal possible increase. 

The formula for the agent effect on NADH auto-fluorescence is: 

                           V agent – V baseline      
      V anoxia - V baseline 

And consequently the agent depression is: 

% depression = 100 - agent effect 

 

% increase = x 100 
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2.9   Measurements of mitochondrial membrane potential using 

rhodamine-123 

2.9.1  Dye Loading for type-1 cell experiments 

Rhodamine-123 (Rh123) (Sigma, Dorset, UK) was dissolved at a concentration of 6mg/mL in 

ethanol. For each culture dish containing 2 mL of culture medium, 5μL of stock solution was 

added. Carotid body cells were incubated in the rhodamine-123 dish, one coverslip at a time 

for 15 minutes. Following this the coverslip was immediately placed in the experimental bath 

to start a recording swiftly. 

2.9.2  Instrument settings 

Fluorescence measurements were performed using a microspectrofluorimeter based on a 

Nikon Diaphot 200 (Tokyo, Japan) equipped with a xenon lamp to provide excitation. A 

photomultiplier tube (Thorn EMI, London, UK) was cooled (−20◦C) and used to detect 

emitted fluorescence; this ran through an IV converter, which resulted in an output in Volts. 

Rhodamine-123 was excited at 485 nm and fluorescence was measured at 535±15 nm, which 

meant it was a single wavelength measurement. Data was collected using a CED Analog to 

Digital converter (1401) and Spike 2 software (Cambridge Electronic Design, Cambridge, 

UK). Signals were averaged over 0.5 second intervals to give a final sampling rate of 2Hz. 
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2.9.3 Analysis of Rhodamine-123 recordings 

Rh123 is a membrane permeant cation that distributes across the mitochondrial membrane 

according to the mitochondrial membrane potential. Accumulation of rhodamine in the 

mitochondria (negative membrane potential) leads to partial quenching of the dyes’ 

fluorescence. Mitochondrial depolarisation causes the dye to diffuse back into the cytosol, 

causing an increase in fluorescence (Emaus et al., 1986).  

 

Figure 2.13: Principles of Rhodamine-123 fluorescence recordings. (A) Showing rhodamine dyes in the 

quenched mode inside the mitochondria and following mitochondrial depolarisation in the dequenced mode. (B) 

showing the maximal depolarisation as evoked by FCCP and revealing the depolarisation caused by agent (A). 

The formula for the agent effect on Rh123 auto-fluorescence is: 

                           V agent – V baseline      
      V anoxia - V baseline 

And consequently the agent depression is: 

% depression = 100 - agent effect 

 

The uncoupling evoked by FCCP application leads to a complete depolarisation and thus a 

maximal increase in Rh123 fluorescence. This response was set at 100% (indicated by the red 

Dequenched – emitting fluorescence 

% increase = x 100 
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arrow). The increase of fluorescence evoked by the application of agent A (orange arrow) is 

expressed as a percentage from the max increase in fluorescence evoked by FCCP. 

On all Rh123 recordings a correction was applied for the inevitable run down of signal. This 

was done by entering the peak response evoked by the FCCP application at the beginning and 

the end of each recording and, similarly, the baseline at the beginning and end of each 

recording. The script was then used to interpolate values between baseline (0%) or 100% 

(FCCP) at all points in between. This allowed the recording to be converted to a % scale.  

2.10  Cell attached single channel recordings 

2.10.1  Pipette and pipette filling solution 

The borosilicate glass pipettes (Harvard Apparatus Ltd, Kent, UK) used for patch clamping 

were pulled on a two-stage vertical puller (Narishige, Tokyo, Japan). The pipettes were 

coated in a thin layer of Sylgard 184 (Dow Corming, Wiesbaden, Germany) to decrease the 

pipette capacitance. Immediately prior to use, the pipettes were briefly fire-polished and filled 

with a high K+ solution containing (mM: 140 KCl, 1 MgCl2, 1 EGTA, 10 HEPES, 10 TEA, 5 

4-AP pH 7.4 at 37ºC). The addition of 4-AP and TEA resulted in the blockade of other K+ 

channels. 
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2.10.2   Instrument settings and data acquisition 

Cell-attached patch clamp recordings were performed using an Axopatch 200B (Molecular 

Devices LLC, Sunnyvale, US). Single-channel recordings were filtered at 2–5 kHz and 

current was recorded and digitalized at 20 kHz. Voltage clamp control, data acquisition and 

analysis were performed using Spike2 (Cambridge Electronic Design, Cambridge, UK). 

2.10.3   Voltage clamp protocol 

Carotid body cells were placed in the recording chamber in standard Tyrode at 37ºC  in 

which seal formation was attempted with a borosilicate pipette. In the solution the pipette had 

a resistance between 10-18 MΩ. When a Giga-ohm seal was formed (>5 GΩ), the Tyrode 

solution was switched to 100mM K+ and a positive pipette potential was applied of +80mV. 

The + 80mV pipette potential, with 100mM K+ outside and 140mM K+ in pipette, resulted in 

TASK channels to be shown as inward currents. The rationale for preferring to record inward 

currents instead of outward currents was because channel openings are much more clearly 

defined as an inward current, which consequently leads to more accurate measurements of 

channel activity. The very negative membrane potential (estimated to be -89 mV) was also 

chosen because of the low likelihood of other channels to be active. 
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2.10.4   Data analysis of nPopen 

Single-channel activity was defined by nPopen in which n represents the number of channels 

in the patch and Popen the open probability of the channel. The main conductance state for 

channel activity was established manually using an all-points histogram. Most all-points 

histograms contained 1 main (but poorly and broadly defined) peak. This all points histogram 

was then used to set a 75% open threshold for nPopen definition analysis, so to best capture 

the TASK-1/3 heterodimer peak. Current levels that exceeded 175% of the main conductance 

state were classed as double openings and 275% as triple openings. In other words, the script 

used to determine nPopen measures each point and assigns it either a 0 (baseline), 1 (single 

opening), 2 (double opening) or 3 (triple opening). This is then added together and divided by 

the number of measurements taken. The average value of this is then the nPopen.  

In Figure 2.15, an example all points histogram can be seen with a main conductance state of 

2.2pA. The 75% threshold crossing is then set at 1.5. In figure 2.16 channel activity of a 

different patch can be seen. In this example the main conductance state was 2.8pA. The 75% 

threshold (threshold 1) is thus set at 2.1. 
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Figure 2.14: All points histogram of carotid body TASK channel activity. 75% threshold indicated in graph 

to best capture the presumed heterodimer peak. 

 

Figure 2.15: Example of nPopen analysis of type-1 TASK channel activity. Screen capture of nPopen 

analysis. The modal amplitude is 2.8pA (determined with all-points histogram). The first threshold is set at 75% 

so to best capture the channel openings with an amplitude greater than ~2.1pA. Openings greater than 4.9pA  

(175%) were counted as double openings (note the baseline in this patch is 11pA). 

 

75% 
Points 

pA 
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Cell attached recording of HEK-293 cells 

For the recording of TASK channel in HEK cells it was decided to use the exact same 

recording conditions as described above with the same Tyrode solution, pipette filling 

solution and pipette potential. The rationale behind doing this is that because the membrane 

rest potential would be more negative due to the expression of a high amount of K+ channels, 

bringing the potential closer to the K+ EK. Also by choosing the same recording conditions 

the channel amplitudes should be similar to those observed in type-1 cell patches. 

2.11   Statistics 

Average values are expressed as means (standard error of the mean). Although more detailed 

information about statistics can be found in the relevant chapters, in general, on each dataset, 

a normality test was run to confirm whether or not the data was normally distributed. Where 

possible, when two different agents or concentrations were applied within the same 

recording, a paired t-test was performed. For most other comparisons an analysis of variance 

test (ANOVA) was performed to compare different agents and concentrations. Further 

significant effects where then explored with a Bonferroni Post-Hoc test. Statistics were done 

with SPSS for Windows version 20, (SPSS Inc, Chicago, IL, USA) (Lazarenko et al., 2010). 

Specific statistics will be discussed in more detail in each chapter. 
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3.1 Introduction 

Volatile anaesthetic agents are known to interfere with the body’s physiological response to 

hypoxia and can prevent an adequate increase in ventilation in response to hypoxia (Gelb and 

Knill, 1978, Knill et al., 1983, Lockwood, 2010). Even at sub-anaesthetic doses (1/20th – 

1/10th of that required for anaesthesia) volatile anaesthetics depress the ventilatory response 

(Pandit, 2002). The depression of the ventilatory response by volatile anaesthetics in humans 

and rats exhibits a specific order of potency which is halothane > isoflurane > sevoflurane 

(Pandit, 2002, Karanovic et al., 2010).  

As discussed in chapter 1, the key processes occurring in the glomus cell during an acute 

response to hypoxia are decreased channel activity of carotid body TASK channels, a 

membrane depolarization and consequently Ca2+ entry evoking the release of 

neurotransmitters. In glomus cells in rats and mice it is currently accepted that TASK-1, 

TASK-3 and TASK-1/3 heterodimer are expressed and have a predominant role in the 

oxygen sensing cascade. In particular the heterodimer TASK-1/3 is thought to be most 

abundant compared to TASK-1 and TASK-3 homomers (Yamamoto et al., 2008, Kim et al., 

2009a, Turner and Buckler, 2013a). Our group, and others, have established that TASK 

channels can be modulated by volatile anaesthetics (Buckler et al., 2000, Berg et al., 2004, 

Putzke et al., 2007, Pandit et al., 2010). In general, volatile anaesthetics activate these 

channels and increase their open probability and this therefore partially impedes the hypoxia 

evoked decrease in open probability of TASK channels, and Ca2+ influx in response to low 

oxygen. 
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To further research the carotid body mediated depression of ventilation in response to 

anaesthesia, this chapter sought to clarify a number of questions. The first part of this chapter 

aims to clarify in detail the effect of halothane and isoflurane on the carotid body (the Ca2+ 

entry and native TASK channel activity). Preliminary studies in the carotid body in this lab 

have highlighted that halothane appears to have a more potent effect on depressing the 

hypoxia evoked Ca2+ entry in the carotid body compared to isoflurane, which appeared to be 

a less potent depressor (Pandit et al., 2010). To further confirm this observation, a variety of 

concentrations of isoflurane and halothane were applied to the rat glomus cell in combination 

with hypoxia to assess the hypoxia evoked Ca2+ entry. Secondly, the effect of isoflurane and 

halothane was assessed on the TASK channel activity in the carotid body. Glomus cells were 

challenged with a variety of concentrations of halothane and isoflurane to look for saturation 

kinetics of the activity and assess the difference in potency between agents. Lastly, as many 

studies have shown that TASK channels cells are strongly regulated by mediators in the 

carotid body, the effect of halothane and isoflurane was also examined in HEK cells 

transiently transfected with cDNA encoding ratTASK-1. 

The first part of this chapter focusses on investigating the action of halothane and isoflurane 

independently, the second part focusses on studying the effects of mixtures of both halothane 

and isoflurane. Mixes were studied at three ‘levels’ (Ca2+ signalling, native single channel 

activity and expressed TASK-1 activity). Franks and Lieb (1982) hypothesized that 

anaesthetics may compete with endogenous ligands for channel occupation. Eger et al 

published a number of papers (both experimental and theoretical) in 2008 studying the 

interaction between anaesthetics and concluded that anaesthetics act additively, which is the 

current accepted theory in the field (Eger et al., 2008, Hendrickx et al., 2008).  
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Being aware of the important role of anaesthetics acting on TASK channels and so interfering 

with the AHVR, and upon the preliminary observation that halothane is a stronger agonist 

than isoflurane (and thus may have different saturation kinetics), both agents were mixed 

together in an attempt to determine whether these agents act independently and are additive 

(in accordance with some previous literature), or act at a common binding site and are thus 

competitive (in accordance to classical receptor pharmacology). According to classical 

receptor pharmacology, a weak agonist can act as a competitive antagonist: meaning that in 

the presence of a strong agonist, a weak agonist can occupy the binding sites and so prevent 

occupancy by stronger agonists and reduce the level of channel activation (Evers et al., 

2011).  

Combinations of halothane and isoflurane were applied to glomus cells and the hypoxia 

evoked Ca2+ entry was measured. The specific question addressed was whether a 

combination of both agents, (for example 2.5% halothane mixed with 2.5% isoflurane) act 

additively (so more depression on Ca2+ entry than 2.5% halothane alone) or ‘infra’-additive 

(less than one of the individual agents). Mixes of isoflurane and halothane were also 

performed on native channel activity and ultimately, also on HEK cells expressing TASK-1. 

In this chapter the results will be structured by each system, starting with Ca2+ entry, 

followed by native TASK channel activity and completed with TASK-1 activity in HEK 

cells. Within each system the first section will focus on a detailed concentration response and 

finish with the mix results for that system.  
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3.2 Methods 

3.2.1 Glomus cell isolation 

The method of carotid body removal has been described in chapter 2 section 2.3. Briefly, 

carotid bifurcations were surgically removed from isoflurane anesthetized rat pups P10-P15. 

Carotid bodies were sub-dissected and digested both enzymatically and mechanically, leading 

to a single cell suspension that was plated onto poly-L-lysine coated glass coverslips. Cells 

were stained with rhodamine-PNA, which resulted in a bright orange stain for type-1 cells. 

Cells were recorded on the same day as the surgery took place. 

3.2.2 Transient expression of TASK-1 in HEK-293 

Cells from the human embryonic kidney cell line HEK 293 were transiently transfected with 

ratTASK-1 inserted in pIRES-EGFP using lipofectamine (Life technologies, Paisley, UK) 

and PLUS reagent (Life Technologies, Paisley, UK). 24-48 hours following transfection, 

cells were re-plated onto poly L-lysine-coated glass coverslips and used for recordings. 

Transfected cells expressing TASK-1 were identified by their green fluorescence. 

3.2.3 Measurements of [Ca2+]i using Indo-1-AM 

Rat glomus cells were loaded with Indo-1-AM (2.5 μM in dimethyl sulfoxide) at room 

temperature and incubated for exactly 1 hour. Indo-1 was excited at 340 ± 5 nm and detected 

at 405 and 495nm by a pair of tri-alkali photomultiplier tubes (PMT) cooled to -20 oC. The 

output from each PMT was fed through a current-to-voltage converter and digitized (250 Hz; 

CED 1401). 
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Anaesthetics were vaporized using calibrated vaporizers at a range of concentrations in 

Tyrode solution  (mM: 117 NaCl, 4.5 KCl, 1 MgCl2, 23 NaHCO3, 11 glucose, 2.5 CaCl2) to 

measure the effect of anaesthetic on the hypoxia-evoked rise in  [Ca2+]i. At the start of each 

recording, type-1 cells were identified and exposed to a hypoxic stimulus (1% O2 in 5% CO2 

and N2) to confirm the cell was hypoxia sensitive. Next, the cell was exposed to halothane 

and/or isoflurane for ~ 1 minute in normoxia (21% O2 5% CO2), followed by a second 

exposure to hypoxia (1% O2 and equilibrated with the same halothane and/or isoflurane 

concentration as used in the normoxia ‘pre-exposure’), which was followed by a recovery 

period in normoxia (no anaesthetic) of ~1 minute. Within each recording, up to three different 

anaesthetic stimuli were applied, which could be either a mix or a single agent. At the very 

end of the recording, a control ~30 sec exposure to hypoxia was performed without 

anaesthetic to ensure appropriate recovery of the original hypoxic response. Only cells that 

demonstrated this recovery were included in the analysis.  

For each control hypoxic exposure the magnitude of the Ca2+ -transient was calculated as the 

absolute difference between the mean [Ca2+]i in the period before hypoxic exposure and the 

mean [Ca2+]i during the hypoxia. This was also done for the anaesthetic hypoxia exposure in 

which the absolute difference between baseline and hypoxia was calculated. The anaesthetic 

hypoxia exposure was then compared with the magnitude change of hypoxia control, which 

was set at 100%. 
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The statistical significance of the differences between the means of the response was assessed 

using factorial analysis of variance (ANOVA, SPSS for Windows version 10.0, SPSS Inc, 

Chicago, IL, USA). The increase of the Ca2+ -transient was the ‘response’ and there were two 

repeated measures factors: ‘anaesthetic’ (three levels, one for each anaesthetic) and 

‘concentration’ (a level for each concentration). The locations of any significant effects were 

explored using post hoc Student t-tests, with the Bonferroni correction applied at the 

appropriate level if necessary. A p-value <0.05 was taken as statistically significant. 

3.2.4 Cell attached patch clamping of CAROTID BODY and HEK cells expressing 

TASK-1 

Detailed information can be found in section 2.11 but in short, cell-attached patch clamp 

recordings were performed using an Axopatch 200B (Molecular Devices LLC, Sunnyvale, 

US). Recordings were made with borosilicate pipettes (Harvard Apparatus Ltd, Kent, UK) 

which were sylgard-coated and fire-polished before use. The pipette filling solution contained 

(140mM K+ and 10mM TEA and 5mM 4-AP to block other K+ channels). Single-channel 

recordings were filtered at 2–5 kHz and current was recorded and digitalized at 20 kHz. 

Voltage clamp control, data acquisition and analysis were performed using Spike2 

(Cambridge Electronic Design, Cambridge, UK). Cells were placed in the recording chamber 

in standard Tyrode in which seal formation was attempted with a borosilicate pipette. When a 

giga-ohm seal was formed (> 5G:), the Tyrode solution was switched to one containing 100 

mM K+ and a positive pipette potential was applied of +80mV.  

The protocol for anaesthetic application was, (1) control (2) anaesthetic (3) control (all in 

normoxic solutions and in 100mM high K+ Tyrode for ~30-90 sec). A maximum of up to 
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three different concentrations of the anaesthetic were applied within each recording in 

random order. 

Analysis of channel activity was performed on 20s sections of recording obtained at least 10s 

after any solution exchange (to allow full equilibration of oxygen and anaesthetic levels 

within the recording chamber). From each recording, an all points histogram was constructed 

using a 20s section of data to determine the modal value for the main conductance state. This 

value was then used to set thresholds to analyse channel activity as nPopen over a 20s time 

period using a 75% threshold crossing method to ensure capture of the heterodimer peak. For 

TASK-1 recordings a 75% threshold was also used, because the average peak amplitude was 

smaller (~1.4pA) and this was done to exclude baseline noise as much as possible (often up 

to ~1pA). For each cell/patch, measurements of nPopen were then normalised to nPopen 

during the control period. So that if a stimulus resulted in unchanged channel activity, the 

increase in channel activity compared to control would be 0%. 

Statistical analysis was conducted on the mean normalised nPopen values (obtained from a 

number of patches/cells) using factorial analysis of variance (SPSS for Windows version 

10.0, SPSS Inc, Chicago, IL, USA), where normalised nPopen was the ‘response’ and there 

were two repeated measures factors: ‘anaesthetic’ (one level for each anaesthetic and one for 

no anaesthetic), and the locations of any significant effects were explored using post hoc 

nonparametric test (Friedman one-way ANOVA by ranks) and p<0.05 (two tailed) was 

considered significant. 
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Because the mixes were applied in the same recording as the halothane and isoflurane, a 

paired non parametric test was also performed for each mix concentration alongside the 

ANOVA’s. 

Where concentration-response relationships were plotted, lines of best fit were constructed 

using non-linear least squares regression (GraphPad PRISM version 6.00) fit to a simple 

ligand binding equation: 

                   BMax x [X] 
                      Kd + [X]      

  

3.2.5 Anaesthetic delivery 

For all experiments involving anaesthetics (including patch clamping and Ca2+), the gas 

phase above the bubbled solutions was constantly monitored by an infrared analyzer to assure 

accuracy and equilibration of concentrations. The concentrations of anaesthetic in solution at 

presentation to the tissue, and an appropriately linear relationship to the dialed vapour 

concentrations, were confirmed by gas chromatography-mass spectrometry in the Department 

of Chemistry, University of Oxford (as specified in section 2.6). 

 

y= 
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3.3 Results 

3.3.1 Concentration response curve of halothane and isoflurane on [Ca2+]i 

The effect of volatile anaesthetics on the hypoxia (1% O2) evoked Ca2+ entry was measured 

in PNA selected rat carotid body type-1 cells. Baseline levels of Ca2+ were measured in 

standard Tyrode equilibrated with 21% oxygen. The hypoxia control exposure without 

anaesthetics induced a rapid and reversible rise in [Ca2+]i. Exposure to different 

concentrations of halothane and isoflurane in standard Tyrode (21% oxygen) did not lead to a 

detectable change of baseline Ca2+ levels, which was confirmed with an ANOVA for agent 

and concentration, values being 0.517 and  0.796 respectively (data not shown).  

Figure 3.1 shows the effects of hypoxia alone and in the presence of halothane (A) and 

isoflurane (B). Both anaesthetics reduced the response to hypoxia in a concentration 

dependent manner. It was apparent from the studies that halothane was able to almost abolish 

the response to hypoxia at 3% whereas a robust response to hypoxia remained in the presence 

of isoflurane even at 5%.  

 

 

 



98 

 

Figure 3.1: Representative transients of the hypoxia evoked depression of [Ca2+]i by different 
concentrations of  halothane and  isoflurane. Hypoxia stimulus consisted of 1% oxygen 5% CO2 and the 

average exposure to hypoxia was 30s. Top panel: Halothane representative traces, at high enough 

concentrations, halothane completely abolishes the Ca2+ influx. Bottom panel: isoflurane representative traces, 

isoflurane does not completely abolish the Ca2+ influx even at supra clinical concentrations 

In order to explore these effects further, the ‘response’ to anaesthetic was quantified as the % 

depression/inhibition of the [Ca2+]i signal generated in hypoxia. This ‘response’ was then 

plotted as a function of anaesthetic concentration (expressed as % anaesthetic in headspace 

gas). Figure 3.2 reveals the concentration-depression curve for both isoflurane and halothane. 

For the halothane curve n = 4-13 for each point on the curve 36 data points in total. For 

isoflurane the  n= 3-9 for each point on the curve, 39 recordings in total. Curve fitting yielded 

values for Kd of 0.49% for halothane and 1.1% for isoflurane. BMax value was 100% for 

halothane but only 64% for isoflurane. Thus the effects of halothane on the hypoxic response 

were concentration-dependent but with clear evidence of saturation. These agents thus show 
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classical drug-receptor kinetics with halothane acting as a ‘full’ agonist and isoflurane as a 

‘partial’ agonist. 

The difference between halothane and isoflurane was significant (ANOVA p=0.021) and also 

when taking the concentration into account (ANOVA p = 0.002) confirming that the agent 

difference was also concentration dependent.  
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Figure 3.2: Depression of halothane and isoflurane on the hypoxia evoked Ca2+ entry. Values are 

normalized against the hypoxia control exposure in each recording and displayed as mean +/- SEM. The 

difference between halothane and isoflurane was significant, also when taking the dose into account (ANOVA 

p= 0.02). Curve fitting formula were: depression halothane = (100*[X])/(0.49 + [X])  depression isoflurane = 

(64*[X])/(1.1 + [X]).   
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3.3.2 The effect of halothane and isoflurane on voltage gated Ca2+ entry  

In order for Ca2+ to enter the cell in response to low oxygen, two events need to happen. First, 

the TASK channels need to decrease in activity, which results in cell membrane 

depolarisation. Secondly, as a result of the change in membrane potential, voltage sensitive 

Ca2+ channels open and Ca2+ is able to enter the cell. Therefore, the observed depression of 

the hypoxic Ca2+-response in the presence of anaesthetic can be mediated either through 

changing membrane potential, or through inhibition of Ca2+ channels or both. To tease out if 

this depression is mediated through Ca2+ channels, the effect of halothane and isoflurane on 

Ca2+ entry during high K+ evoked membrane depolarisation was measured. This was done by 

superfusing the cell in a high K+ (50mM) Tyrode solution. Figure 3.3 and 3.4 reveal that the 

depression of the high K+ induced Ca2+ entry by both halothane and isoflurane was smaller 

compared to their effect on the depression of hypoxia-induced Ca2+ transients, but the small 

effect was significant (p < 0.01 one sample t-test). Thus 1% halothane depressed K+ induced 

Ca2+ transient by 13.8% ± 6.3 (n=5), 3% halothane depressed 19.4% ± 4.8 (n=6). Similar 

effects were seen for isoflurane: 1% isoflurane depressed K+ induced Ca2+ transient by 12.9% 

± 4.13 (n=6) and 3% isoflurane by 24% ± 6 (n=5). There was no significant difference in 

effect between agents, nor was there a concentration-related effect within an agent (p = 0.785, 

ANOVA).  

In summary, these data suggest that there is indeed a minor inhibitory effect of both agents on 

Ca2+ channels, but this effect is unlikely to be able to fully account for the inhibition of the 

Ca2+ response to hypoxia. Nor was there a marked difference in the efficacy of the two agents 

in inhibiting the Ca2+-response to High K+ induced depolarisation. 
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Figure 3.3: Representative recording of the high K+ evoked Ca2+ entry in the presence of 3% halothane 
and 3% isoflurane. Recording represents the raw trace in volts prior to Ca2+ conversion. High K+ stimulus 

consisted of 50mM K+.  
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Figure 3.4: depression of Ca2+ influx in high K+ medium. Depression of K+ induced Ca2+ entry in glomus 

cells. Points are mean +/- SEM. No statistical difference between the agents compared to control (ANOVA p= 

0.785) or for dose (ANOVA p=0.390) (n=5-6 for each data point). Although the agent effect is small, it is highly 

significant (one sample t-test p < 0.01). The hypoxia induced depression of Ca2+ influx (Figure 3.2), is indicated 

by the grey dotted lines. 
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3.3.3 Mixes of halothane and Isoflurane on [Ca2+]i 

The observed difference in efficacy between halothane and isoflurane in depressing the 

hypoxia evoked [Ca2+]i, as observed in Figure 3.2, prompted me to investigate what would 

happen when a combination of agents was applied. Therefore, 1.5% halothane was mixed 

with a variety of concentrations of isoflurane: 1%, 1.5% and 3%. Halothane 1.5% was chosen 

because it lead to a strong, but not saturating depression of the [Ca2+]i response to hypoxia.  

It was observed that combinations of 1.5% halothane with varying concentrations of 

isoflurane were less effective in depressing the hypoxia evoked [Ca2+]i than halothane alone. 

This effect was concentration dependent as high levels of isoflurane caused a greater 

reduction in the depressive effect of anaesthetic on the hypoxic Ca2+ response. These studies 

show that when combining the two anaesthetics rather than an additive effect, an 

‘antagonistic’ or ‘infra-additive’ effect was observed, such that the depression of the Ca2+ 

response to hypoxia by halothane, was partially reversed by isoflurane. The more isoflurane 

was added, the more the effect of halothane was reversed (ANOVA p < 0.001).  Figure 3.5A 

displays the bar charts for the individual mixes revealing a decreased depression, when more 

isoflurane is added (n= 8-9 for each mix data point 25 in total).  Fig 3.5B reveals the 

normalized concentration-response relationship of isoflurane and halothane (from Figure 3.2) 

with curve fitted hyperbolas and the 3 mix data points for the halothane and isoflurane mix 

from Figure 3.5A. The concentration response curves as shown below thus demonstrate that 

at the cellular level Ca2+ entry is depressed by halothane > combination of both > isoflurane. 
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Figure 3.5: Depression of Ca2+ response in presence of 1.5% halothane + increasing amounts of 
isoflurane. (A). N = between 8-13 for each data point. There is a trend for partially reversing the halothane 

evoked depression caused by isoflurane. Adding any dose of isoflurane will significantly reduce the depressive 

effect of halothane. (B) The concentration response curves for isoflurane and halothane with the mix line. The 

green line represents 1.5% halothane throughout with the data points representing the isoflurane concentration. 

Therefore at 0% on the X-axis the 1.5% data point represent 1.5% halothane without isoflurane and the 1%, 

1.5% and 3% represent 1.5% halothane mixed with the aforementioned isoflurane mixes. Halothane 1.5% is 

indicated with the red dotted line. 

A 
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Concentration response curve of halothane and isoflurane on TASK channel activity 

The next question studied in detail was how isoflurane and halothane affect the native TASK 

channel activity. It was hypothesized that the interesting observed infra-additivity could be 

due to differential interactions of halothane and isoflurane on the TASK channels expressed 

in the glomus cell. This was based on (a) the experiment in high K+ Tyrode that showed that 

anaesthetics had little influence over voltage gated Ca2+-entry, which turned the attention to 

TASK channels (responsible for depolarizing the cell membrane in response to low oxygen 

and so activating Ca2+ channels) and (b) because previous studies show that volatile 

anaesthesics increase cloned TASK channel activity. Thus the effect of low oxygen (which 

decreases open probability) could be opposed by anaesthetics. I therefore sought to 

investigate and compare the effects of halothane and isoflurane on native TASK channel 

activity. 

The TASK channel activity observed under the recording conditions as described in the 

methods section (pipette +80mV and 140mM K+ and in Tyrode 100mM K+) resulted in short 

flickery openings, which were seen as inward currents. In the control condition most all-

points amplitude histograms typically displayed, as expected, a single but broad peak at 

around ~2.6 pA suggesting one main open state, which previous research has indicted 

represents the heterodimeric TASK-1/3 channel predominant in rat glomus cells (Kim et al., 

2009a, Turner and Buckler, 2013a). A representative single channel trace and two 

representative all points histograms from the same recording can be seen in Figure 3.6.  

It was evident that both halothane and isoflurane increased the frequency of channel 

openings; halothane more so than isoflurane (Figure 3.6). Upon application of isoflurane or 
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halothane, the channel activity increased, so that more double openings and more frequent 

channel bursts were observed and the long closed state appeared to be decreased. Overall, 

halothane increased the channel open probability more than isoflurane did.  

Figure 3.7 reveals the concentration-response curve of halothane and isoflurane with an 

average of 6-10 recording per concentration and a total of 147 datapoints. Curve-fitting 

isoflurane data suggests a Bmax of 128% and a Kd of 1.4%. For halothane, curve-fitting 

suggests a Bmax was 350% and Kd was 1.44%. The ~10% halothane was reached by putting 

the two halothane vaporizers in series. However, as discussed in the methods section, the 

infrared analyser can only reliably detect anaesthetics in the 0-5% range, whereas outside this 

range, the analyser can measure but not as accurately.  
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Figure 3.6: The effect of 1.5% halothane and isoflurane on channel activity in rat glomus cell. (A) three 

representative single channels traces showing control and 1.5% isoflurane and halothane. (B) two representative 

all points histograms from the same recording revealing the average open ampliture peak of ~2.6pA. Halothane 

1.5% in red and isoflurane 1.5% in purple. Pipette potential +80mV 150mM K+ in Tyrode 200mM K+. 

A 

B points 

points 
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Figure 3.7: Concentration response curve of halothane and isoflurane on increase in TASK channel 
activity in rat carotid body. Data-points are normalised against control channel activity. Halothane: BMax = 

350% and Kd = 2.88%. Isoflurane: BMax = 128% and Kd = 1.44%.  
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3.3.4 The effect of mixes on native TASK channel activity 

After the difference in efficiency of halothane and isoflurane were established on native 

channel level, mixes were attempted. Due to the difficult nature of patching native carotid 

body cells, fewer recordings were done. The first mix was 2.5% halothane and 2.5% 

isoflurane (n=10). This was chosen because 2.5% halothane evokes a strong but submaximal 

increase of channel activity and isoflurane has nearly reached its maximal effect. The second 

concentration was 4% halothane with 4% isoflurane (n=15). At 4% halothane the stimulus 

was near maximal, which was matched by a similar concentration of isoflurane. A third mix 

with a smaller number of patches (n=6) was performed with 1.5% halothane and 1.5% 

isoflurane, which did not reach statistical significance. In channel studies no hypoxia was 

applied, hence the anaesthetic protocol was simply ‘anaesthetic on’ ‘anaesthetic off’. 

Therefore all three anaesthetics could be applied within the same recording, allowing for 

paired statistics. Both mixes revealed an infra additive effect of the mix, in that isoflurane 

again partially reverses the depressive effect of halothane, suggesting an antagonistic effect 

of isoflurane. The representative traces for the 2.5% mix can be seen in Figure 3.8 with a 

pipette potential of +80mV, 140mM K+ in pipette solution and 100mM K+ in Tyrode 

solution with nPopen increased to 152.7% ± 20.2 on average. Exposure to 2.5% isoflurane 

led to an increase of 54.3% ±14.4. The mix led to an increase of 90.6% ± 21.1, which was 

less than halothane alone.  Similar results were observed for the 4% halothane and isoflurane 

mix as can be seen in figure 3.9B. 4% Halothane caused an increase in nPopen of 226.7% ± 

33.4, isoflurane 4% caused 98.4% ± 19.9 and the mix of 4% and 4% evoked a 126.5% ± 28.6 

increase in nPopen. The difference between mix and halothane alone was significant for both 
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the 2.5% and 4% mixes (P = 0.043 and 0.015 respectively with a non parametric paired test. 

In Figure3.9C the three equi-concentration mixes were plotted on the graph.  

 

 

Figure 3.8: Representative single channel traces of TASK channel activity in rat carotid body. Cell-

attached recording each showing four 500 ms sections of recording for control 2.5% isoflurane, 2.5%/2.5% 

halothane/ isoflurane mix and 2.5% halothane alone. The traces are recorded with a pipette potential of +80mV, 

140mM K+ in pipette solution and 100mM K+ in Tyrode solution. 
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Figure 3.9: 2.5% and 4% mixes in cell attached single channel recordings of rat carotid body. Isoflurane 

and halothane are antagonistic at channel level. TASK1/3 channel activity expressed as % increase in nPopen 

compared to control. Note that in both bar charts halothane activates the TASK-1/3 channel more than 

isoflurane. (A) Bar chart of 2.5% isoflurane (purple) 2.5% halothane (red) mix of 2.5% halothane and 2.5% 

isoflurane. A combination of halothane and isoflurane is less effective than halothane alone (n=10) (p = 0.034 

Mann–Whitney U test). (B) Bar chart of 4% isoflurane (purple) 4% halothane (red) mix of 4% halothane and 

4% isoflurane. A combination of halothane and isoflurane is less effective than halothane alone (n=15) (p 

=0.015) Mann-Whitney U test). (N=15) (C) Plot representing the 3 mix points with the corresponding single 

agents concentration of halothane and isoflurane  above and below (Mix = 1.5%, 2.5% and 4% halothane and 

isoflurane). 
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Aside from the paired non-parametric tests of the 2.5 and 4% mix concentrations versus 

halothane, an ANOVA was performed across all three groups and concentrations (halothane 

mix and isoflurane). The effect of ‘anaesthetic’ was highly significant across the three groups 

(ANOVA, p<0.001) and post-hoc testing confirmed that whereas the effects of mix and 

isoflurane were significantly different from halothane (p<0.001, with Bonferroni correction 

for multiple testing) the influence of mix and iso were similar (p= 0.586). 

 Whilst the majority of patches revealed only a single peak in all-points histograms 

corresponding to TASK-1/3 channel (Figure 3.10A), one particular low noise recording, 

(Figure 3.9B) revealed a second peak around 1.2 pA, corresponding to what is believed to be 

a TASK-1 channel (Turner and Buckler, 2013a). The action of the anaesthetics resemble 

similar actions as seen in diagram A, with similar effects on both the TASK-1 and 

heterodimer peak. Note that the use of a 75% threshold crossing method for quantifying 

TASK-1/3 channel activity does indeed exclude single opening of the TASK-1 channel.  
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Figure 3.10: All points histogram A and B from a cell attached patch recording. The y-axis represents the 

number of points. The x-axis represents the amplitude (pA). (A) The control (grey) histogram shows the 

characteristic peak representing the TASK-1/3 heterodimer (~2.6 pA). Isoflurane 2.5% (purple) modestly 

increases the activity of the heterodimer, whereas halothane 2.5% (red) markedly increases the activity. A mix 

(green) of 2.5% halothane and 2.5% isoflurane results in reduced (not increased) channel openings as compared 

with 2.5% halothane alone. (B) The Control (grey) histogram shows the characteristic peaks representing the 

presumed TASK-1 (~1.2 pA) and heterodimer (~2.5 pA) activities. Isoflurane 2.5% (purple) increases the 

activity of the heterodimer, and also the TASK-1 channel. Halothane 2.5% markedly increases activity in both 

channels. A mix (green) of 2.5% halothane and 2.5% isoflurane results in reduced (not increased) channel 

openings as compared with 2.5% halothane alone. Bin-width was 0.1pA 

B 
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These results demonstrated that at the level of native TASK-channel activity, isoflurane is 

able to partially reverse the effect of halothane with both equi-concentrations of mixes (2.5% 

and 4%). These experiments therefore show that this sub-additivity/antagonism takes place at 

the TASK channel level in the carotid body. The native TASK channel is strongly regulated 

within the carotid body. To find out if the infra additivity is due to direct action on the 

channel, or due to an action on something carotid body specific, effects of anaesthetics were 

also studied in TASK-1 in a heterologous expression system. 

3.3.5 TASK-1 channel activity in HEK cells 

TASK-1 channels were transiently expressed in HEK cells and single channel cell attached 

recordings were made under identical recording conditions as described for carotid body. 

Short flickery inward currents were observed. Figure 3.11 displays a representative single 

channel trace of TASK-1 transiently expressed in HEK cells. Both halothane and isoflurane 

increased the channel activity, as did the mixture of both. In the all points histograms (Figure 

3.12) the peak open state was less clearly defined than those in native patches. Most 

histograms typically revealed a broad peak spanning from 1-2 pA. The concentration 

response curves for halothane and isoflurane reveal again a contrast between both agents. The 

increase in channel activity in response to anaesthetics is less compared to that observed in 

native carotid body channel activity. Curve fitting shows that halothane has a Bmax of 172% 

and a Kd of 1.46%. Isoflurane has a Bmax of 56% and a Kd of 0.46%. 
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Figure 3.11: Representative traces of TASK-1 channel activity in HEK cell. Cell-attached recording each 

showing a 0.1s section of recording for control (no anaesthetic), 2.5% halothane, 2.5% + 2.5%mix and 2.5% 

isoflurane. The traces are recorded with a pipette potential of +80mV, 140mM K+ in pipette solution and 

100mM K+ in Tyrode solution.  

For the mixes 2.5% halothane was mixed with isoflurane 1.5% (N=10) 2.5% (n=10) 4% 

(n=7) 5% (n=6). The curve fitting in in Figure 3.12 reveals mixes of halothane and isoflurane 

appears to be infra-additive with the data-points lying between the isoflurane data and 2.5% 

halothane (dotted red line). Statistical comparison of channel activity in 2.5% halothane vs 

isoflurane (all concentrations) generated a significant infra-additive effect (P= 0.011). 
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Figure 3.12: Concentration response curve of halothane and isoflurane and mix on TASK-1 channel 
activity transiently expressed in HEK cells. Data-points are normalised against control channel activity. Non-

parametric ANOVA revealed a significant difference between the mix points and the halothane 2.5% (dotted red 

line) (p=0.011). The green line represents 2.5% halothane with the amount of added isoflurane plotted on the x-

axis curve. 

 

Figure 3.13: Representative all points histogram from a TASK-1 recording with 2.5% halothane and 5% 
isoflurane. Pipette potential +80mV 140mM K+ and Tyrode solution 100mM K+. 
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Lastly, a number of un-transfected and empty pIRES-EGFP transfected HEK cells (n=10) 

were patched under identical recording condition as used for TASK-1 recordings. All patches 

were empty but one, which contained a channel with a 6pA opening approximately twice per 

second( Figure 3.14). This channel therefore looks different from the TASK-1 channels and 

its open probability is very low. It seems unlikely that this channel will have interfered 

significantly with the recordings taken. 

 

Figure 3.14: Baseline of HEK cell and EGFP transfected HEK cell. Recorded at a pipette potential of 

+80mV 140mm K+ in pipette and 100mM K in Tyrode solution. The third trace shows a 6pA endogenous 

channel with very low activity.  
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3.4 Discussion 

The experiments in this chapter demonstrate novel actions and interactions of halothane and 

isoflurane on the carotid body’s response to hypoxia and TASK channels. First, the seven key 

findings will be discussed. This is followed by a discussion of this research compared to other 

studies, its implications and clinical relevance, its limitations and technical challenges and 

concludes with suggested future studies. 

The first finding is that, consistent with whole-body ventilation studies in humans and rats 

(Pandit, 2002, Karanovic et al., 2010), the experiments showed that isoflurane is less 

effective than halothane in depressing hypoxia-stimulated Ca2+ entry into rat carotid body 

cells. This lends a cellular explanation for the whole-body effects observed on ventilation. 

Concentration-response relationship suggests that whereas halothane is a full agonist for this 

effect on Ca2+ entry (because of the ability to fully depress), isoflurane appears to be only a 

partial agonist. 

The second finding is that, when studying [Ca2+]i in a high K+ solution, only a small 

concentration independent effect of anaesthetics was observed on the voltage gated Ca2+ 

entry, suggesting that these channels do not play a major role in contributing to the effects of 

anaesthetics on the Ca2+ entry in response to hypoxia. 
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The third finding is that, at single channel level, halothane increases type-1 cell TASK 

channel activity more than isoflurane does. Halothane appears to act as a strong agonist and 

isoflurane as a partial agonist of channel activity. 

The fourth finding is that single channel recordings of ratTASK-1 in HEK cells revealed that 

both halothane and isoflurane are able to activate the channel, but halothane again appeared 

to be a stronger agonist compared with isoflurane. This result differs from a TASK-1 study 

performed by Berg et al. (2004) who used a heterologous expression system (HEK-293 with 

either rat TASK-1 , TASK-3 or TASK 1-3) to demonstrate that isoflurane activates TASK-3 

and TASK 1-3 but inhibits TASK-1. However, this result is in line with Putzke et al. (2007) 

who noted a small increase in human TASK-1 channel activity in Xenopus oocytes upon 

isoflurane application. 

The fifth finding is that the addition of isoflurane to 1.5% halothane in different proportions 

(1%, 1.5% and 3% isoflurane) depresses hypoxia evoked Ca2+ entry to a lesser extent than 

with 1.5% halothane alone showing an antagonistic interaction between both agents. 

The sixth finding is that at the single channel level in type-1 cells the addition of 2.5% 

isoflurane to 2.5% halothane resulted in channel activity (TASK-1/3 heterodimer) that was 

less than observed with 2.5% halothane alone consistent with an antagonistic interaction 

between isoflurane and halothane as noted for the Ca2+ entry data. The same ‘infra-additive’ 

result was also observed when mixing 4% halothane and 4% isoflurane. 
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The seventh finding is that isoflurane in different proportions (1.5%, 2.5% 4% and 5%) also 

decreases the effect of 2.5% halothane, on ratTASK-1 activity in HEK cells. The infra-

additivity between the mix of both agents and halothane alone, was of a lesser magnitude 

than observed in the native channel and Ca2+ experiments, which was reflected into the fact 

that no significance was reached in the individual paired test, but that the overall effect (non-

parametric ANOVA) was significant, showing that mixes act infra-additively at TASK-1. 

3.4.1 Comparison with previous studies 

The findings, with respect to the different efficacy of halothane and isoflurane at cellular and 

molecular level, are consistent with whole-body human and animal findings, with regards to 

ventilation, as these studies also identified halothane as a more powerful depressant of the 

AHVR and isoflurane a less powerful (but still significant) depressant (Pandit, 2002, 

Karanovic et al., 2010).  

The observed antagonism represents a novel perspective on the mechanism of action of these 

agents, which differs from the current accepted theory that predicts that volatile anaesthetics 

should act additively. Analysing how anaesthetics act when they are mixed together has been 

little considered and tested before. It is however important to keep in mind that agent 

interactions can occur and be studied at a number of different levels. At whole animal and 

human level, immobility in response to a noxious stimulus (as a defined end point of 

anaesthesia), is thought to result from a combination of effects of anaesthetics on different 

channels and other proteins that in turn are differentially expressed in a variety of tissues 

contributing to anaesthetic effects (such as brain, spinal cord and moto-neurons). Studies at 
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the single channel level, on the other hand, may provide key insight as to how these agents 

act directly on the channel on one or more binding sites. 

 For inhaled anaesthetics at whole animal levels, the actions are reportedly additive (Eger et 

al., 2003, Hendrickx et al., 2008). Eger et al. (2003). This was confirmed in a follow up study 

in which mixes of halothane, isoflurane, sevoflurane and desflurane were all found to be 

additive. For mixes of anaesthetics in humans, such as halothane and xenon (Cullen et al., 

1969) and ethylene and halothane (Miller et al., 1969) also produced additivity (Hendrickx et 

al., 2008). At the channel level, Jenkins et al. (2008) researched different combinations of 

volatile anaesthetics on GABA, NMDA and Glycine receptors and found that halothane and 

isoflurane do not show infra additive behaviour. On glycine receptors the effect of the mix 

was stronger than each of the agents by itself and the same result was seen on GABAa 

receptors. 

3.4.2 Physiological antagonism or classical receptor pharmacology? 

In my study, infra-additivity is shown both at a system level (hypoxia evoked Ca2+ entry) but 

also specifically at the level of channel activity that two agents with a similar effect but 

different efficacy can antagonize each other partially. In this section, different hypotheses 

leading to the observed infra-additivity will be discussed with evidence for and against each 

theory.  
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Firstly, when studying hypoxia evoked Ca2+ entry, one should take into account that the 

TASK channel is not the only channel involved in triggering the Ca2+ influx and therefore it 

was considered if other channels contribute to the infra-additivity. Voltage gated Ca2+ 

channels themselves appear to be little affected by the anaesthetics. Other K+ channels, 

however, may contribute to the duration and magnitude of the Ca2+ entry. Kv channels 

(voltage gated K+ channels) are thought not to be active at resting membrane potentials, but 

they are involved in repolarisation following action potential involved in hypoxia. HERG 

channels (human ether-a-go-go K+ channels) activate upon depolarisation and may also 

contribute to the magnitude and duration of response to hypoxia (Kim, 2013, Kang et al., 

2014). BKCa channels also contribute to the outward K+ current and could thus influence 

depolarisation. The effects of volatile anaesthesics on these channels are unknown and 

therefore it is possible that these channels are in some ways affected. Another way in which 

the effect of other K+ channels were attempted to be minimized, was by using a pipette filling 

solution with 4-AP and TEA, which block BKCa channels and most Kv channels. Moreover, 

the cells are patched at a very negative potential in a further attempt to exclude the 

contribution of these channels to the current observed in the patches. Taking all this into 

account, the parsimonious explanation regarding the infra additivity is due to anaesthetic 

effects on TASK channels.  

It remains possible however that the infra additivity observed at the level of TASK channel 

activity in native cell attached single channel recordings could be due to physiological 

antagonism evoked by other regulatory proteins or signalling pathways. Prime candidates for 

these could be the mitochondria. Inhibitors of mitochondrial respiration leads to decrease in 

TASK channel activity and Ca2+ influx, thus evoking similar effects on type-1 cells as 
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hypoxia does. Mitochondria in type-1 cells also appear to be more oxygen sensitive compared 

to other cells. (Duchen and Biscoe, 1992a, b, Buckler and Turner, 2013, Turner and Buckler, 

2013b). If mitochondria can indeed regulate TASK channel activity, it is important to clarify 

if anaesthetics have a mitochondrial effect as well, which has not been previously studied in 

type-1 cells. This research question will therefore be addressed in chapter 5. 

The final explanation to consider for the observed infra-additivity is that halothane and 

isoflurane act on the TASK channel directly, and compete for binding sites in TASK 

channels and so obey the rules of classical receptor pharmacology. This hypothesis is 

supported at least in part by the infra-additive mix results on TASK-1 expressed in HEK 

cells.  

Implications of our study 

Due to ‘infra-additive’ actions on TASK channel activity, Ca2+ influx can be partially 

restored. Because TASK channels play a key role in the hypoxic response, the demonstrated 

antagonistic behaviour could be exploited to minimise the undesired side effects on 

ventilatory depression of general anaesthesia. This model can perhaps be used to study novel 

agents that can partially reverse the increase in TASK activity, or can even decrease TASK 

channel activity in the presence of volatile anaesthesia. These types of drugs could be useful 

for peri-operative management of the ventilation.  Therefore such drugs will be studied in 

chapter 6. 
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3.4.3 Limitations of the experiments  

There are two limitations in this study that will be addressed and discussed. Firstly, the 

experiments were limited by the vaporizers ability to deliver high levels of anaesthetic for the 

output of anaesthetics and the limited range of accuracy from the infrared analyser, therefore 

it was not possible to apply a more extensive range of concentrations. The highest 

concentration that could be reliably applied and measured was 5% of either isoflurane or 

halothane. However, the concentration range actually studied is fairly close to the clinically 

relevant range. 

A second limitation of this study is that type-1 cell patches may contain a mixture of TASK-

1, TASK-3 and TASK-1/3 with the latter being the most predominant channel. There is very 

good evidence showing that the main form of channel activity, which is measured and 

analysed represents the TASK-1/3 heterodimer, but it is possible that some patches may also 

contain TASK-3 channels and perhaps double openings of TASK-1. Chapter 6 will discuss 

two TASK blockers that may potentially block TASK-1 or -3 in the patches to address this 

limitation and attempt to get more selective channel activity. One way of trying to tease out 

where the infra-additivity derives from is by transfecting the channels separately in HEK 

cells. I accomplished this for TASK-1, but failed to do so for TASK-3, where it was not 

possible to get recordings with sufficiently low channel numbers that would allow the study 

of single channel activity clearly. However, some measurements on total current in HEK cells 

expressing TASK-3 are presented in chapter 4. 
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3.4.4 Technical challenges of the experiments in this chapter 

I found that working with HEK cells that transiently express TASK channels was 

challenging. For both TASK-1 and TASK-3, the transfected cells appeared slightly 

unhealthy. The transfected ‘green’ cells often contained one or more blobs on their cell 

surface and appeared less evenly shaped than the untransfected cells. The biggest difference 

was that the transfected cells were always less well attached to the poly-L-lysine coated 

coverslips than the untransfected cells. The best cells to patch were those partly attached to 

other cells as this appeared to lead to a higher chance of completing the experimental 

procedure. The TASK-1 cells looked the unhealthiest (compared with TASK-3), however I 

believe that the upside of this was, that channel activity was therefore low enough to record 

clean single channel activity. A good seal was established in approximately 1 in 15 green 

TASK-1 transfected cells. A higher chance of a successful and complete recording was 

reached by learning to identify the most ‘promising’ green cells. The biggest difference 

between transfected HEK cells and type-1 cells was their number. There was always a limited 

number of type-1 cells suitable for patching available each day, whereas there were unlimited 

transfected green fluorescent cells expressing TASK-1 available. Patching of type-1 cells was 

more successful, with 50% of the cells patched (compared with perhaps 5-10% of HEK cells 

tried) yielding a good seal and usable recordings. 

Numerous times I have tried to obtain clear single channel recordings from HEK cells 

expressing TASK-3. However, the channel expression was incredibly high. In an attempt to 

reach less channel activity, a shorter incubation time post transfection was tried, but attempts 

to record less than 24 hours post transfection still resulted in cells with too high channel 
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activity. Similarly, when decreasing the amount of TASK-3 DNA, although a decrease in 

total green cells was observed, activity was still too high. For future projects therefore it is 

worth considering creating a stable cell line in which the activity can perhaps be regulated 

with use of an inducible promoter system in a stably transfected mammalian cell line 

(Trapani and Korn, 2003). Because of the high channel activity of TASK-3, whole cell 

recordings were attempted. Although this initially worked, in all cases the cells would de-

attach before the end of the recording and the seal would be broken. 

3.4.5 Suggested follow up experiments 

Logical follow up experiments would be to study mixtures on TASK-3 expressed in HEK 

cells. Secondly, it would be interesting to study the TASK-1/3 concatemer in HEK. In this 

concatemer the C terminus of TASK-1 is fused with the N-terminus of TASK-3, or the other 

way around in the TASK-3/1 concatemer. However, a limitation with using this construct is 

that it remains unclear if both subunits are assembled in a way that allows for the anaesthetic 

binding sites to remain intact and for potential domain swapping to take place (Brohawn et 

al., 2013). Therefore, although studying the infra-additivity in the TASK-1/3 concatemer 

would be useful, some caution will need to be taken regarding the interpretation of the 

results. 



126 

 

To conclude, the results in this chapter show interesting and novel interactions between 

anaesthetics. However, before the true cause of the infra-additivity can be established, more 

studies are needed to further clarify the possible binding site on the channels. Furthermore, 

regulation of the channel by other proteins and molecules needs to be excluded. Despite that 

the exact cause of infra-additivity was not established in this chapter, this interesting 

observation of partial reversal of the undesired anaesthetic interference with the hypoxia 

transduction cascade could be further exploited clinically, by searching for potential agonists 

or antagonists. 
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4.1 Introduction 

The ventilatory response to hypoxia is an important protective mechanism that normally 

mitigates against severe hypoxaemia. However, it is well established that volatile anaesthetics 

have a potent depressive effect even at very low doses that pertain long after surgery. This 

exacerbates the risks of post-operative hypoxaemia, (as discussed in chapter 1). 

However, not all agents are equally depressive to the hypoxic chemoreflex, and there appears 

to be a specific order of potency with halothane being generally the most depressive (Dahan 

et al., 1994a, Dahan et al., 1994b, Pandit et al., 2004) and sevoflurane being the least (van 

den Elsen et al., 1998, Pandit et al., 1999). The overall order for depression in humans 

appears to be: halothane > enflurane > isoflurane > sevoflurane (Pandit, 2002). 

As established in chapter 3, the effects of hypoxia on the TASK channel and hypoxia evoked 

[Ca2+]i is opposed by halothane and isoflurane. Furthermore, in intact rat preparations 

(Karanovic et al., 2010), it has been shown that halothane, sevoflurane and isoflurane blunt 

the nervous activity initiated by hypoxia. There appears to be a similar order of potency for 

these effects at carotid body and glomus cell level, with halothane the most potent and 

sevoflurane and isoflurane much less so (Pandit and Buckler, 2009, Karanovic et al., 2010). 
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In whole body human and rat studies the agent sevoflurane is found to be the least depressive 

in its effects. At cellular and single channel level, however, sevoflurane has been relatively 

little studied. Sirois et al. (1998) studied hypoglossal moto-neurones and found that 

sevoflurane caused an outward current and increased membrane conductance in a manner 

approximately equally effective as isoflurane and halothane. In a follow up study in the same 

tissue, Sirois et al. (2000) found that the specific pH sensitive K+ current (most likely 

mediated by TASK-1) was increased upon sevoflurane application. (Putzke et al., 2007) 

examined the effect of sevoflurane on human TASK-1 expressed in oocytes at clinically 

relevant concentrations and also found that sevoflurane increases the TASK-1 current. 

The latest hospital survey in the United Kingdom indicated that sevoflurane is the most 

commonly used volatile maintenance agent; used in 58.5% of all cases (Sury et al., 2014). 

Sevoflurane is also particularly used for pediatric anaesthesia, where it also serves as an 

induction agent in 40% of all cases (Sury et al., 2014). Despite its widespread use in the UK 

sevoflurane is not as extensively studied as halothane and isoflurane on the hypoxic response 

and TASK channels. As such, the main aim of this chapter is to examine the effect of 

sevoflurane on the glomus cell response to hypoxia and, specifically, compare it with the 

effects of halothane and isoflurane. 

In common with the effects of these agents at whole-body (human and rat) level, the overall 

question to be addressed is whether sevoflurane is less potent a depressant than halothane, 

and somewhat less potent than isoflurane. Effects of sevoflurane will be studied on hypoxia 

evoked Ca2+ entry and compared with isoflurane and halothane. The next question to be 

addressed is whether sevoflurane (like halothane and isoflurane) increases the open 
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probability of native TASK channels within the rat carotid body, in a manner similar to its 

effects on TASK channels in other (on O2 sensing) tissues. Finally, the effect of sevoflurane 

is examined in TASK channels (rat TASK-1 and -3 subunits) expressed in HEK293 cells to 

confirm whether or not these agents have a direct effect on channel function, or if they 

require the machinery of the glomus cell in an obligatory way. The data presented in this 

chapter will be novel recordings, in which sevoflurane was compared within the same 

recording to another anaesthetic, with the paired statistics shown in the graphs. However, at 

the end of each section an overview graph will be shown, repeating also some results from 

the previous chapter, to offer the full perspective on sevoflurane versus halothane and 

isoflurane.  
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4.2 Methods 

4.2.1 Glomus cell isolation  

The detailed method of carotid body removal has been described in chapter 2 section 2.3. 

Briefly, carotid bifurcations were surgically removed from isoflurane anesthetized rat pups 

P10-P14. Carotid bodies were digested both enzymatically and mechanically, leading to a 

single cell suspension that was plated onto poly-L-lysine coated glass coverslips. Cells were 

stained with rhodamine-peanut-agglutin, which resulted in a bright orange stain for type-1 

cells. All recordings took place within the same day as the surgery was performed. 

4.2.2 Transient expression of TASK-1 and TASK-3 in HEK-293 and HEK-293t cells 

Cells from the human embryonic kidney cell line HEK 293 and HEK-293t were grown in 

DMEM High glucose + sodium pyruvate (110mg/L) supplemented with 10% fetal calf 

serum, 100 units/mL penicillin/streptomycin and 6mM L-glutamine. RatTASK-1 and 

RatTASK-3 were inserted in pIRES-EGFP (Clontech: containing enhanced green fluorescent 

protein), which was transiently transfected using lipofectamine and PLUS reagent in HEK 

293 cells. The pIRES-EGFP constructs were sequenced (Source Bioscience, Oxford, UK) to 

confirm correct insertion of either TASK-1 or TASK-3. For one experiment, TASK-3 in 

PcDNA3 (also sequenced for correct insertion) was co-transfected with empty pIRES EGFP 

into HEK-293t cells. 24-48 hours following transfection, cells were re-plated onto poly L-
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lysine-coated glass coverslips and used for recordings. Transfected cells expressing TASK-1 

or TASK-3 were identified by their green fluorescence. 

4.2.3 Measurements of [Ca2+]i using Indo-1-AM 

Rat glomus cells were loaded with Indo-1-AM at room temperature and incubated for exactly 

1 hour.  

Recording Protocol  

Sevoflurane was vaporized using calibrated vaporizers at a range of concentrations in Tyrode 

solution  (mM: 117 NaCl, 4.5 KCl, 1 MgCl2, 23 NaHCO3, 11 glucose, 2.5 CaCl2) to measure 

the effect of sevoflurane on the hypoxia-evoked rise in [Ca2+]i. At the start of each recording 

type-1 cells (bright orange cells, as described in glomus cell isolation) were identified and 

exposed to a hypoxic stimulus (1% O2 in 5% CO2 and N2) to confirm a robustly hypoxic 

sensitive cell. Next, the cell was exposed to sevoflurane for ~ 1 minute in normoxia (21% O2 

5% CO2), followed by a second exposure to hypoxia (equilibrated with halothane and/or 

isoflurane), which was followed by a recovery period in normoxia (no sevoflurane) of ~1 

minute. Within each recording up to three different anaesthetic stimuli were applied. At the 

very end of the recording a control ~30 sec exposure to hypoxia was performed without 

anaesthetic to ensure appropriate recovery of the original hypoxic response. Only cells that 

demonstrated this recovery were included in analysis. 
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Statistical analysis of [Ca2+]i recordings in glomus cells 

The statistical significance of the differences between the means of the agent response was 

assessed using factorial analysis of variance (ANOVA, SPSS for Windows version 10.0, 

SPSS Inc, Chicago, IL, USA). The ratio of the Ca2+ -transient was the ‘response’, the 

ANOVA tested for ‘agent’ (three levels, one for each agent) and ‘concentration’ (a level for 

each concentration). The locations of any significant effects were explored using post hoc 

student t-tests with the Bonferroni correction applied at the appropriate level if necessary. A 

p-value <0.05 was taken as statistically significant. 

4.2.4 Cell attached patch clamping of glomus and HEK cells expressing TASK-1 and 

TASK-3 

Cell attached patching recording conditions for glomus and HEK cells 

Cell-attached patch clamp recordings were performed using an Axopatch 200B (Molecular 

Devices LLC, Sunnyvale, US). Recordings were made with borosilicate pipettes (Harvard 

Apparatus Ltd, Kent, UK) and were sylguard-coated and fire-polished before use. Single-

channel recordings were filtered at 2–5 kHz and current was recorded and digitalized at 20 

kHz. Voltage clamp control, data acquisition and analysis were performed using Spike2 

(Cambridge Electronic Design, Cambridge, UK). 
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Cells were placed in the recording chamber in standard Tyrode in which seal formation was 

attempted with a borosilicate pipette. When a giga-ohm a seal was formed, the Tyrode 

solution was switched to one with 100 mM K+ and a positive pipette potential was applied of 

+80mV. The pipette filling solution contained 140mM K+ 10mM and TEA and 5mM 4-AP 

(to block other K+ channels). Under the recording conditions used in this study the type-1 cell 

background K+ channel conducts inward currents exhibiting short, flickering openings. The 

protocol for anaesthetic application was (all in normoxic solutions and in high K+ Tyrode for 

~30-90 sec), (1) control (2) sevoflurane (3) control. A maximum of up to three different 

concentrations of the anaesthetic were applied within each recording in random order. 

Data-analyses for glomus and HEK cells expressing TASK-1 

For glomus cells and HEK cells expressing ratTASK-1, analysis of channel activity was 

performed on 20s sections of recording obtained at least 10s after any solution exchange (to 

allow full equilibration of oxygen and anaesthetic levels within the recording chamber). For 

each cell an all points histogram was constructed using a 20s section of data to determine the 

modal single channel current. This modal current was then used to analyse channel nPopen 

over a 20s time period using a 75% threshold crossing method. 

Data analysis for HEK cells expressing TASK-3 

For HEK cells expressing TASK-3, no single channel analysis was performed due to 

extremely high channel activity. Instead, the average current was measured for the control 

channel activity and channel activity during sevoflurane activity following baseline 
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substraction. The increase in channel activity evoked by an anaesthetic was expressed as a 

percentage increase of total current compared to control channel activity before. 

Statistical analysis for glomus cell single channel recordings 

Statistical analysis was conducted on the mean normalised nPopen values (obtained from a 

number of patches/cells) using factorial analysis of variance (SPSS for Windows version 

10.0, SPSS Inc, Chicago, IL, USA), where normalised nPopen was the ‘response’ and there 

were two repeated measures factors: ‘agent’ (one level for each anaesthetic and one for no 

anaesthetic) and the locations of any significant effects were explored using post hoc Student 

t-tests and p<0.05 considered significant. 

Statistical analysis for HEK cells expressing TASK-1 and TASK-3 

The application of sevoflurane and isoflurane, or halothane and sevoflurane, were done 

within the same recording. Therefore, a paired t-test was conducted on the increase in current 

or channel activity evoked by the three anaesthetics.  

4.2.5 Anaesthetic delivery 

For all experiments involving anaesthetics (both patch clamping and Ca2+), the gas phase 

above the bubbled solutions was constantly monitored by an infrared analyzer to assure 

accuracy and equilibration of concentrations as described in detail in methods chapter 2 

section 2.5. 
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4.3 Results 

4.3.1 Effect of sevoflurane on hypoxia evoked [Ca2+]i  in glomus cell  

Like halothane and isoflurane, sevoflurane did not change baseline levels of [Ca2+]i in 

normoxic conditions. Figure 4.1 shows the depression of the hypoxia evoked Ca2+ entry by 

halothane and isoflurane from chapter 3, with the sevoflurane representative traces added. 

Generally, [Ca2+]i increased rapidly on induction of hypoxia with this response being 

depressed by increasing doses of sevoflurane. The depression on [Ca2+]i was least with 

sevoflurane. There was good recovery of the Ca2+ response to hypoxia after anaesthetic 

washout. 
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Figure 4.1: Representative traces of anaesthetics depressing the hypoxia evoked [Ca2+]i. Within each panel 

the traces are: hypoxia (far left), then up to 4 concentrations of anaesthetic. Hypoxia stimulus consisted of 1% 

oxygen 5% CO2 and the average exposure to hypoxia was 30s. (A) Halothane representative traces: at high 

enough concentrations halothane completely abolishes the Ca2+ influx. (B) Isoflurane representative traces: 

isoflurane does not completely abolish the Ca2+ influx even at supra clinical concentrations. (C) Sevoflurane 

representative traces: sevoflurane does not completely abolish the Ca2+ influx. The halothane and isoflurane data 

presented in this graph are a repeat from chapter 3. 
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Figure 4.2 shows the effect of the anaesthetics on the response to hypoxia, plotted as a 

‘concentration-response’ relationship in absolute % concentration of anaesthetic in the gas-

phase. Concentrations of 0.5%, 3% and 5% sevoflurane were applied, which led to a 

depression of 20.9%, 23.4%, and 21.0% respectively on the hypoxia evoked [Ca2+]i. 

Consistent with the initial impression from the raw traces (Figure 1), quantitative analysis 

makes clear that sevoflurane is least depressive. ANOVA confirmed significant effects for 

‘anaesthetic’ (p<0.001) when comparing halothane and isoflurane with sevoflurane. Post-hoc 

tests revealed that, when comparing sevoflurane and halothane, there was an agent difference 

between halothane and isoflurane (p<0.001) and also between isoflurane and sevoflurane 

(p<0.005), indicating that all agents depressed the response to hypoxia. The overall order of 

potency appeared to be halothane > isoflurane > sevoflurane.  
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Figure 4.2: Depression of hypoxia evoked Ca2+ influx into glomus cells by anaesthetics. Points are mean +/- 

SEM, with N=3-13 recordings per point (total 88 data-points). Depression is plotted by normalising to the 

hypoxic response for that recording in absence of anaesthetic. The halothane and isoflurane data presented in 

this graph are a repeat from chapter 3. 
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The sevoflurane effect on single channel TASK activity was assessed at a range of 

concentrations. Figure 4.3 shows an example trace of single channel recordings from rat 

glomus cells, demonstrating the characteristic opening of TASK channels. Upon application 

of 5% sevoflurane, the TASK channel activity increases, leading to more frequent openings, 

an increase of double openings and a decreased long closed state. However, as can be seen in 

the halothane trace of a similar recording, the increase in activity evoked by sevoflurane was 

less than that by 5% halothane. 

 

Figure 4.3: Representative trace of 5% sevoflurane increasing TASK channel activity in rat glomus cell. 
Representative single channel trace over ~1 second. Cells were superfused with 100 mM K+ Tyrode, with 140 

mM K+ in the pipette solution. Pipette potential was +80 mV.  

Figure 4.4 shows a typical all points histogram for the channel activity upon sevoflurane 

exposure (in orange). Although the increase is clear, it is of a lesser magnitude than that of 

halothane. 
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Figure 4.4: All-points histograms showing the effect of halothane and sevoflurane 5%. (10 fA bin widths) 

generated from 20 s segments of cell-attached recordings under standard recording conditions (+80mV pipette 

potential, 140mm K+ and 100mM K+ in Tyrode. (A) Halothane all-points histogram. (B) Sevoflurane all-points 

histogram from the same recording. Binwidth was 0.1pA 

Figure 4.5 shows the quantitative analysis of the increase in channel activity as defined by 

nPopen for the three anaesthetics at the measured concentrations. ANOVA confirmed that the 

effect of ‘agent’ was highly significant (P < 0.027), suggesting that the three agents did 

differentially influence TASK channel opening. In post hoc tests the differences between 

halothane and sevoflurane were significant (P =0.004), but there was no difference between 

isoflurane and sevoflurane (P = 1.000). 

A B 
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Figure 4.5: Influence of volatile anaesthetics on TASK channel activity. Displayed is the increase in nPopen, 

expressed as % increase from control value. Data are mean ± SEM. Cells were superfused with 100 mM K+ 

Tyrode, with 140 mM K+ in the pipette solution. Pipette potential was +80 mV. The halothane and isoflurane 

data presented in this graph are a repeat from chapter 3. 

4.3.2 Effect of sevoflurane on HEK cells expressing TASK-3 and TASK-1 channels 

HEK-293 cells were transiently expressed with either TASK-1 or TASK-3 and exposed to 

sevoflurane. This was done for two reasons: firstly, in order to assess if I could replicate 

activation of TASK-1 by sevoflurane and secondly, because unlike TASK-1, sevoflurane had 

to my knowledge not been studied on TASK-3 yet. 
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Electrophysiology on HEK cells expressing TASK-3 

Sevoflurane 2.5% and halothane 2.5% was applied to five HEK cells expressing TASK-3. 

The TASK channel activity increase was small but considerable upon sevoflurane 

application, as seen in the exemplar trace in Figure 4.6A. Sevoflurane evoked an increase in 

average current of 23.5% (SEM 5.5%), which was less compared to halothane that evoked an 

increase in channel activity of 122% (SEM 32.4%). A paired t-test revealed that compared to 

halothane 2.5%, the magnitude of the effect evoked by sevoflurane was smaller (P= 0.026, 

Figure 4.6B). 
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Figure 4.6: Increase in TASK-3 channel activity by 2.5% sevoflurane and 2.5% halothane in HEK-293 
cells. (A) Representative trace of TASK-3 channel activity over approximately 2 minutes. (B) Sevoflurane and 

halothane (n=5) significantly differ in the increase in channel activity: paired t-test p= 0.026. Cells were 

superfused with 100 mM K+ Tyrode, with 140 mM K+ in the pipette solution. Pipette potential was +80 mV. 
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Four HEK cells expressing TASK-3 were exposed to sevoflurane 2.5% and isoflurane 2.5%. 

A representative trace in Figure 4.7A, reveals that isoflurane increases the channel activity 

more so than sevoflurane. Sevoflurane evoked an increase in average current of 20.9% (SEM 

4.2%), whereas isoflurane evoked an increase of 54.8% (SEM 5.9%). A paired t-test revealed 

that compared to isoflurane 2.5%, the magnitude of the effect evoked by sevoflurane was 

smaller (P= 0.043, Figure 4.7B). 
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Figure 4.7: Increase in TASK-3 channel activity by 2.5% sevoflurane and 2.5% isoflurane in HEK-293t 
cells. (A) Representative trace of TASK-3 channel activity over approximately 2 minutes. (B) Sevoflurane and 

isoflurane (n=5) significantly differ in the increase in channel activity, paired t-test p= 0.026. Cells were 

superfused with 100 mM K+ Tyrode, with 140 mM K+ in the pipette solution. Pipette potential was +80 mV.  
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Electrophysiology on HEK cells expressing TASK-1 

The overall level of channel activity seen in HEK cells expressing TASK-1 was low enough 

to allow for standard single channel analysis. Sevoflurane 3% and halothane 2.5% was 

applied to five HEK cells expressing TASK-1. The channel activity increase was small but 

considerable upon sevoflurane application, as seen in the exemplar trace in Figure 4.6A. 

Sevoflurane evoked an increase in average current of 33.1% (SEM 5.6%), which was less 

compared to halothane that evoked an increase in channel activity of 88.3% (SEM 14.8%). A 

paired t-test revealed that compared to halothane 2.5%, the magnitude of the effect evoked by 

sevoflurane was smaller (P= 0.04, Figure 4.8B). 
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Figure 4.8: Increase in TASK-1 channel activity by 3% sevoflurane and 2.5% halothane in HEK-293 
cells. (A) Representative trace of TASK-1 channel activity over approximately 0.3s. (B) Sevoflurane and 

isoflurane (n=5) significantly differ in the increase in channel activity, paired t-test p= 0.04. Cells were 

superfused with 100 mM K+ Tyrode, with 140 mM K+ in the pipette solution. Pipette potential was +80 mV. 
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Summary of the comparative study of sevoflurane on TASK-1 and TASK-3 

In Figure 4.9 an overview bar chart can be seen for both TASK-1 and TASK-3 in which all 

the data-points are collected for the 2.5% concentration (except for TASK-1 sevoflurane 3%), 

which were 63 data-points in total. Remarkably, even in these expressed channels the same 

order of potency is reflected as that observed in the depression of the AHVR in humans.  
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Figure 4.9: Channel activity of halothane, isoflurane and sevoflurane in HEK cells transiently expressed 
with TASK-1 or TASK-3. Table summarizes all the data-points obtained for the 2.5% data-points (except for 

3% sevoflurane in TASK-1). (A) Average Increase in channel activity halothane 2.5% (n=33) isoflurane 2.5% 

(n=10) sevoflurane 3% (n=5). (B) Average increase in channel current halothane 2.5% (n=5) isoflurane 2.5% 

(n=5) sevoflurane 3% (n=5).   
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4.4 Discussion 

The novel results in this chapter are that sevoflurane very modestly depresses the hypoxia-

evoked rise in [Ca2+]i in glomus cells; that it increases channel opening of the native 

heterodimeric TASK channel in glomus cells; and that it acts to increase channel opening of 

both TASK-1 and TASK-3 in HEK293 cells transiently expressed with these channels. At all 

levels studied, sevoflurane is less effective than halothane in depressing the hypoxia evoked 

Ca2+ entry and in increasing the activity of both native and expressed TASK channels. 

Compared to isoflurane, sevoflurane is also less effective in depressing the hypoxia evoked 

Ca2+ entry and in increasing the expressed TASK-1 and TASK-3 channel activity. Only at 

native channel level in the glomus cell, there is no significant difference between isoflurane 

and sevoflurane in its effect. 

Sevoflurane’s relatively modest effect on each of these processes is not only in keeping with 

the observation from humans and rats, in that it is a weak depressant of the hypoxic 

chemoreflex, but also in mice, as recently established in our lab by fellow DPhil student P 

O'Donohoe (2015). In that regard, these results reflect the previous finding that there is a 

specific order of potency for the depressive effects of these agents: halothane > isoflurane > 

sevoflurane. This order seems to be conserved across the organisational hierarchies from 

whole organism, to glomus cell and to TASK channels. As the experiments in this chapter are 

performed on rat glomus cells, they are extending the work of Karanovic et al., who carefully 

observed in intact rats that halothane was the most potent depressant of the hypoxic 

chemoreflex, while sevoflurane was the least. Since TASK channels are believed to play a 
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key role in O2-sensing, the experiments in this chapter provide a plausible explanation (at 

least in part) as to why sevoflurane is the least depressive volatile agent. 

The sevoflurane results are also consistent with the results of Sirois et al. (1998) who found 

halothane, isoflurane and sevoflurane to activate a Ba2+ and voltage-sensitive current in 

motoneurones (likely a TASK or TASK-like channel). Sirois et al. (2000) reported that 

halothane activated TASK-1 channels heterologously expressed in HEK-293 cells (as 

confirmed in this chapter), but did not extend that work to analysing possible effects of 

isoflurane or sevoflurane. They did, however, confirm that these latter two agents activated 

pH-sensitive K+ current (presumably TASK) in hypoglossal motoneurones. Putzke et al. 

(2007) showed that sevoflurane activated whole cell current in oocytes expressing human 

TASK-1, but did not perform a specific comparative studies not studied TASK-3. Therefore, 

my results both confirm and further refine the knowledge regarding sevoflurane and cloned 

and carotid body TASK channels to date. 

The predominant native TASK channel found in glomus cells is now thought to be a TASK-

1/3 heterodimer but it remained unclear which subunit (or both) sevoflurane might influence. 

The results provide compelling evidence that in fact, sevoflurane can influence both subunits. 

The concentrations of sevoflurane were clinically relevant. Where higher concentrations were 

used, this was for a concentration-response effect to look for a ‘max’ effect, rather than 

mimic clinical conditions at cell level. While concentrations like 5% sevoflurane are unlikely 

used for maintenance anaesthesia, they are commonly employed for inhalational induction.  
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In summary, the experiments in this chapter demonstrate a small effect of sevoflurane on the 

hypoxic response (hypoxia evoked Ca2+ entry and TASK channel activity) and a direct effect 

on both TASK-1 and TASK-3 channels in a transiently expressed system. It remains 

interesting and intriguing that the effect of these anaesthetics on TASK channels resemble 

(and therefore might at least in part explain) their behaviour on whole-body hypoxic 

ventilatory response. Furthermore, the relative small effect of sevoflurane on the systems 

studied is reassuring, as it is the most commonly used maintenance volatile anaesthetic in the 

UK. 
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5.1 Introduction 

How exactly oxygen sensing occurs in the type-1 cell of the carotid body has not been 

completely elucidated, but as discussed in chapter 1, a number of candidate mechanisms and 

components have been proposed based on the distinct features that make the type-1 cell 

specifically oxygen sensitive compared with most other cells in the body. One feature is the 

closing of carotid body TASK channels in response to low oxygen. However, the TASK 

channel itself is probably not directly oxygen-sensitive as, unlike native TASK channels in 

type-1 cells, TASK channels expressed in HEK cells, or those studied in excised patches, do 

not appear to be oxygen responsive (Buckler et al., 2000, Buckler and Honore, 2004). These 

observations raise the possibility that the TASK channel is regulated by factors further 

upstream, which are themselves sensitive to oxygen.   

 

Leading candidates for this oxygen sensing function are the mitochondria. Mills and Jobsis 

(1972) reported that the respiratory chain in the carotid body has an unusual sensitivity for 

oxygen. Duchen and Biscoe (1992a) showed that mitochondrial NADH levels change below 

a PO2 of 60mmHg in type-1 cells, whereas in other tissues (such as chromaffin cells) this did 

not happen until the PO2 fell below 5mmHg. The authors suggest that mitochondria in type-1 

cells can alter their respiratory function over the physiologically relevant PO2 range. In the 

accompanying paper (Duchen and Biscoe, 1992b) the authors explored the link between 

hypoxia and mitochondria further and reported that the mitochondrial membrane potential 

depolarize in response to hypoxia and that this depolarisation is graded (just like the increase 

of [NADH]) to graded levels of hypoxia. Wyatt and Buckler (2004) have provided further 
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evidence for the key role of mitochondria in oxygen sensing, by demonstrating that inhibitors 

of the mitochondrial transport chain significantly inhibited background K+ currents in type-1 

cells. 

Although this research provides compelling evidence that mitochondria are involved in 

oxygen sensing and TASK channel regulation, it remains unclear how exactly the slowdown 

of electron transport in mitochondria leads to a decrease in TASK channel open probability. 

One possibility is that this link may consist of altered levels of mitochondrial metabolites, 

such as ATP, Mg-ATP or AMP-Kinase and that these metabolites directly or indirectly 

influence TASK channel opening (Varas et al., 2007, Peers et al., 2010, Buckler, 2015). The 

activity of TASK channels in inside-out patches is influenced by solutions containing Mg-

ATP (Varas et al., 2007). 

In normoxic conditions in the electron transport chain complexes I to IV pump, or aid in 

pumping, protons across the mitochondrial membrane, which maintains a negative 

mitochondrial membrane potential. The pumped protons in turn diffuse back into the inner 

membrane through ATP-synthase and so generate ATP (Sazanov et al., 2013). In hypoxic 

conditions the electron transport chain function is impaired, such that the mitochondrial 

membrane potential diminishes (ie, depolarises). Due to the slower electron transport, less 

NADH is converted to NAD+ to release its electrons and protons and, as a consequence, 

fewer electron and protons will be pumped across the membrane. As a result, ATP levels 

decline (Varas et al., 2007). Hypoxia thus evokes an increase in [NADH] and depolarizes the 

mitochondrial membrane and decreases ATP production.  
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The increase of NADH as a result of impaired electron transport can be measured, because 

NADH is auto-fluorescent when excited at the right wavelength, but NAD is not (Mayevsky 

and Rogatsky, 2007). Separately, mitochondrial membrane potential can be measured using a 

voltage sensitive dye that will change in fluorescence intensity as the membrane potential 

changes (Skarka and Ostadal, 2002). Using such measurements, Buckler and Turner (2013)  

have recently confirmed that changes in mitochondrial membrane potential and [NADH] are 

more sensitive in type-1 cells compared to other cells.   

 

Volatile anaesthetics have also been reported to inhibit mitochondrial function and this has 

been proposed to be a mechanism for anaesthetic-induced depression of cellular function, 

especially in the heart (Hall et al., 1973, Merin, 1973, Rusy and Komai, 1987), or as a 

possible mechanism for ‘anaesthetic preconditioning’ (Riess et al., 2002). This is the 

observation that a brief period of exposure to volatile anaesthetic protects the myocardium 

from later hypoxic- (or anaesthetic-) induced depression of function or cell damage. Hanley 

et al. (2002) reported that volatile anaesthetics (halothane, isoflurane and sevoflurane) 

reversibly and dose dependently increase NADH auto-fluorescence in ventricular myocytes. 

In sub-mitochondrial particles the authors furthermore show that the rate of ubiquinone 

oxidoreductase (complex I) activity with an artificial electron-acceptor (decylubiquinone) 

was slowed down in the presence of anaesthetics, attributing the effect of increased NADH to 

partial inhibition complex I activity. An additional modification to this experiment also 

showed some effect of halothane (but not isoflurane or sevoflurane) on complex II activity.  

Hanley and Ray’s observation is also interesting, because it demonstrates that, in cardiac 

tissue, anaesthetics can act in a manner similar to the effect of hypoxia (i.e., increasing 
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NADH levels). Yet, in relation to carotid body function it is well established that anaesthetics 

act antagonistically to hypoxia (as described in chapter 3 and 4). In contrast to almost all 

other tissues, the carotid body is excited by hypoxia. Anaesthetics partly oppose the effect of 

hypoxia on type-1 cells, which is manifested in several levels: on type-1 cell depolarisation, 

on hypoxia evoked [Ca2+] entry (Buckler et al., 2000) and on the opening of TASK channels 

(Pandit and Buckler, 2010).   

 

The aim of this chapter is thus to assess if volatile anaesthetics act like hypoxia to increase 

[NADH] (as Hanley and Ray (2002) observed in cardiac myocytes) and also depolarise the 

mitochondrial membrane potential. Or whether, given well-established observations on 

anaesthetics on type I cell hypoxic response, anaesthetics would act to oppose the effect of 

hypoxia and thus reduce [NADH] (in contrast to Hanley and Ray’s results) and hyperpolarise 

the mitochondrial membrane potential.  
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5.2 Methods 

The extended methods for both NADH measurements and Rh123 can be found in the 

methods section 2.9 and 2.10. A brief summary will be given below, including the detailed 

information regarding the recording protocols. 

5.2.1 Single cell isolation   

The method of carotid body removal has been described in chapter 2 section 2.4. Briefly, 

carotid bifurcations were surgically removed from isoflurane anesthetized rat pups P10-P14.  

Carotid bodies were sub-dissected and a single cell suspension was generated and plated onto 

poly-L-lysine coated glass coverslips.  Cells were recorded on the same day as that surgery 

took place.  

In the recording chamber, cells are constantly perfused with Tyrode (in mM: 117 NaCl, 4.5 

KCl, 1 MgCl2, 23 NaHCO3, 11 glucose, 0.1 EGTA) equilibrated with either normoxic (21% 

O2) or anoxic (0% O2) gas with or without volatile anaesthetic, as described below. EGTA 

was added to chelate any contaminating Ca2+ to maintain a zero Ca2+ extracellular 

environment. The reason for choosing Ca2+-free Tyrode instead of normal Tyrode, is because 

in normal Tyrode Ca2+ would enter the cell in response to anoxia. This is undesired, because 

elevation of [Ca2+]i promotes mitochondrial Ca2+ uptake, which can activate NADH 

producing dehydrogenases and depolarize the mitochondrial membrane (McCormack and 

Denton, 1989, Werth and Thayer, 1994). This Ca2+ evoked NADH increase and change in 

potential is therefore a confounder of the research. 
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5.2.2 Protocols and measurements of NADH  

Type-1 cells incubated with rhodamine-PNA were identified by their bright orange staining. 

NADH was excited at 340nm and fluorescence was measured at 450±15nm. The output of 

the PMT was connected to an IV converter that generated an output in volts. Before the start 

of each recording, the cell was moved out of the field, which allowed the background to be 

set at 0 volts, corresponding to the background emission. After this the cell was moved back 

into the field leading to a value in volts corresponding with the cell in steady state 21% 

oxygen in standard Tyrode. The traces generated in this chapter show raw data (in volts) on 

the y-axis. Other graphs show the increase in fluorescence for each volatile anaesthetic as a % 

of the maximal fluorescence increase obtained in response to an anoxic stimulus (5% CO2 

95%N2 + 100μM Na2S2O2). 

Cells were exposed to the following protocol for NADH measurements. An anoxic stimulus 

(5% CO2 and 95% N2 + 250μM Na2S2O2) was applied for 30 sec (to calibrate the NADH 

response as described above). Then, cells were exposed to a range of anaesthetic 

concentrations. For halothane and isoflurane these were zero, 0.5%, 1%, 1.5%, 2.5% or 3% 

and for sevoflurane these were zero, 2%, 3% or 5%. 

As a control experiment, a complex I inhibitor, rotenone was applied with and without 1.5% 

isoflurane. Mitochondrial NADH fluorescence in the presence of rotenone will be maximal 

and therefore if isoflurane evokes any additional changes in fluorescence in the presence of 

rotenone, it would indicate a non-specific effect of isoflurane. 
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5.2.3 Measurements of mitochondrial membrane potential 

Carotid body cells were incubated with rhodamine-123, which results in an increase in 

fluorescence following mitochondrial membrane depolarisation (See section 2.10). Each 

recording of mitochondrial membrane potential started and ended with an application of I μM 

FCCP. In between there were up to two 30-60 sec exposures to anaesthetic, followed by an 

anoxic stimulus of 30-60 sec. Anaesthetic exposure consisted of halothane (1% or 3%), 

isoflurane (0.5%, 1.5% or 3%) or sevoflurane (2% or 5%). It was assumed that FCCP elicited 

a near total mitochondrial depolarisation and so the peak of this response was set at 100%. 

The reference 0% baseline was set to the initial amount of fluorescence within the cell, 

measured in standard Tyrode (normoxia). Responses to volatile anaesthesia and anoxia were 

then measured on this 0-100% scale.  FCCP was applied with and without isoflurane 3%, to 

check for non-specific effects of anaesthetics on Rh123 fluorescence.  

5.2.4  Statistical analysis 

Comparisons of concentration-response relationships were assessed with factorial analysis of 

variance (ANOVA), with the factors being ‘agent’ (three levels, one for each agent) and 

‘dose’ (three levels, one for each dose). Any significant effects were explored with post hoc 

paired t-tests. 
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5.3 Results 

5.3.1 Measurements of the anaesthetic effect on [NADH] in type-1 cells 

Figure 1 shows a representative trace of the [NADH] increase evoked by anaesthetics. 

Anoxia rapidly increases [NADH], followed by a rapid recovery upon reoxygenation, 

followed by a rebound with a slower recovery. All three anaesthetic agents also, but to a 

lesser extent sevoflurane, increase [NADH] with a return to baseline on washout. Compared 

to anoxia, the onset of both the increase and decrease in NADH is more gradual than that of 

anoxia.  FCCP is expected to maximally oxidise mitochondrial NADH to NAD+ and 

represent the lowest range of fluorescence for each recording. The remaining fluorescence in 

the presence of FCCP is assumed to represent non mitochondrial NADH and background 

fluorescence. 
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Figure 5.1: Representative traces of NADH auto-fluorescence. The increase in NADH fluorescence in volts, 

evoked by (A) sevoflurane 5% and (B) isoflurane 3% and halothane 3%. 
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Figure 5.2: Concentration-response curve of halothane isoflurane and sevoflurane on NADH auto-
fluorescence in rat glomus cells. Data represented as mean ± SEM. The y-axis is normalised to the 

fluorescence obtained with anoxia, and the x-axis is the concentration of anaesthetic delivered in percentages. 

Total of 77 data-points. 
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Figure 5.2 shows the concentration dependence of NADH increase for each agent. Over the 

range of concentrations assessed (which are in the clinically relevant range) NADH 

fluorescence increases linearly with anaesthetic concentration. Analysis of covariance 

(ANOVA) was used to assess the significance of differences between agents and dosing. The 

response sensitivity to halothane and isoflurane are similar (p = 0.370; NS) but sevoflurane 

clearly has a much weaker effect (p>0.001). 

No evidence of saturation of the NADH response was observed in the concentration response 

relationships for any agent, so the potential for additive effects between any two agents, if 

administered simultaneously was assessed. Figure 5.3A shows a representative trace, which 

indicates that the effect of halothane and isoflurane in combination is greater than each alone. 

Figure 5.3B shows the quantitative analysis, indicating a precisely additive effect on NADH, 

when two agents are combined (fluorescence of 18% and 17% with halothane and isoflurane 

respectively, and 39% with the mix; p<0.001, n=7). 
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Figure 5.3: Increase of NADH fluorescence by single agent volatile anaesthesia and mixes. (A) 
Representative trace of NADH auto-fluorescence evoked by 1.5% halothane, 1.5% isoflurane and a mix of 

1.5%/1.5% halothane/isoflurane. (B) Quantitative analysis of the effect of mixtures of halothane and isoflurane 

(mean ± SEM; n = 7, paired t-test). NADH fluorescence is expressed as the % of value of  the first anoxic 

response. 

5.3.2 Control for non-specific effects of anaesthetic on NADH auto-fluorescence 

Since it was found that anaesthetics increase [NADH], a subsidiary question that arose was 

whether anaesthetics solely targeted complex I and not any other possible, but undefined, 
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sources of auto-fluorescence. Therefore, it was assessed whether the most potent agent for 

this effect, isoflurane (Figure 5.4) was additive to the effect of rotenone (complex I inhibitor).  

There was no significant effect of the addition of isoflurane in the presence of rotenone 

(Figure 4; p = 0.599, paired t-test). 

 

Figure 5.4: Effects of rotenone in combination with isoflurane on NADH auto-fluorescence in type-1 cells. 
(A) representative trace of NADH auto-fluorescence evoked by rotenone with and without 1.5% isoflurane. (B) 

Change in fluorescence of isoflurane 1.5% + rotenone compared to rotenone alone (mean ± SEM; n = 5). The y-

axis is the % increase in fluorescence from baseline; the comparison of isoflurane effect is NS (p = 0.599). 

In summary, the increase of NADH auto-fluorescence evoked by the application of 

isoflurane, halothane and sevoflurane suggests that these agents possibly inhibit the electron 
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transport in type-1 cells. To further explore this, changes in membrane potential were 

measured during application of anaesthetics.  
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5.3.3 Measurements of anaesthetics on mitochondrial membrane potential in type-1 

cell 

All anaesthetic agents evoked a small depolarisation in mitochondrial membrane potential to 

varying degrees (Figure 5.5). From the raw traces it appears that anaesthetics exhibited a 

similar order of potency as they did on [NADH] of isoflurane ≥ halothane > sevoflurane. 

 

 Figure 5.5: Representative traces of the effect of volatile agents on mitochondrial membrane potential. 

Note the initial and last exposures to FCCP used in calibration and the control anoxic response. The order of 

potency appears to be isoflurane > halothane > sevoflurane. (A) Isoflurane (B) Halothane (C) Sevoflurane  

A 

B 

C 
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Figure 5.6 shows the results of quantitative analysis. The order of potency was the same as 

for anaesthetic effects on [NADH] (Figure 5.2). Differences between agents were significant 

(ANOVA; p =0.033) with post hoc tests confirming that the effect of sevoflurane was 

different from that of either halothane or isoflurane (p < 0.001). 
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Figure 5.6: Effects of volatile anaesthetics on mitochondrial membrane potential. Data is (mean +/- SEM) 

plotted against absolute concentration of agent. The membrane potential was calibrated and normalised to the 

FCCP response for each experimental period. As a reference the response evoked by anoxia is indicated by the 

blue dotted line (and displayed in blue with error bars on the 0 point): The x axis shows absolute percentages as 

measured from vaporizer output. Data was curve fitted by nonlinear regression with a hyperbola with r2 0.995 

for isoflurane and 1.0 for sevoflurane and halothane using PRISM software. 

To account for the possibility that application of anaesthesia increased fluorescence unrelated 

to a change in membrane potential, FCCP was applied both with and without 3% isoflurane 

(n=3) to detect if an additional increase in fluorescence was detected (Figure 5.7). Isoflurane 

did not alter the fluorescence response to FCCP indicating that the isoflurane does not affect 
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other sources of cellular fluorescence and that the increase in auto-fluorescence during 

isoflurane application is due to a change in mitochondrial membrane depolarisation. 

 

Figure 5.7: Rho123 trace showing the application of FCCP with and without isoflurane in type-1 cell. 
(n=3). 

In summary, isoflurane, halothane, and to a lesser extent sevoflurane are all able to increase 

Rh123 fluorescence, indicating a mitochondrial depolarisation, suggesting that these 

anaesthetics may act to inhibit electron transport. 



169 

 

5.3.4 Measurements of anaesthetics on [NADH] in HEK cells 

Intrigued by the effect and the magnitude of the effect of clinically relevant concentrations of 

anaesthetics on [NADH] in type-1 cells, the question arose whether this effect was also found 

in other cells, as suggested by some published studies. Untransfected HEK cells were chosen 

for this because of their availability and because HEK cells have also been used for other 

experiments in this thesis. One concentration of both halothane and isoflurane have been 

applied to six HEK cells. The application of 1.5% halothane or isoflurane resulted in an 

increase of NADH auto-fluorescence of a similar magnitude as seen in type-1 cells. A mix of 

1.5% isoflurane and halothane also showed an additive effect in that the effect of the mix was 

greater than each single agent. 
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Figure 5.8: Increase of NADH fluorescence by single agent volatile anaesthesia and mixes in HEK cell. 
Quantitative analysis of effect of mixtures of halothane and isoflurane ((mean ± SEM; n = 6, paired t-test). 

NADH fluorescence is expressed as the % of value in anoxia. 
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5.4  Discussion 

This chapter shows that volatile anaesthetics partially inhibit electron transport in type-1 cell 

mitochondria. Upon application of anaesthetics there is an increase in NADH auto-

fluorescence and mitochondrial membrane depolarisation. Furthermore, there appears to be 

an order of potency for this effect, when expressed in absolute %, of isoflurane ≥ halothane > 

sevoflurane for both NADH and mitochondrial membrane potential effects. Finally, the 

effects of anaesthetics were additive with respect to the increase of NADH. 

 In the next section limitations of experimental technique and how I addressed them will be 

discussed, which will be followed by a discussion of previous literature and the potential 

physiological implications of the findings in this chapter. 

5.4.1 Limitations of experimental technique and how they were addressed 

The measurements of mitochondrial NADH and membrane potential are indirect. However, 

the dye methods that were used are well established (Emaus et al., 1986, Mayevsky and 

Rogatsky, 2007) and are able to show differences of NADH levels and membrane potential 

evoked by anaesthetics which then allow comparison of anoxic and FCCP stimuli. 

Furthermore, the administration of anaesthetics was monitored continuously in real time 

using infra-red spectroscopy (confirmed by GC-MS) as discussed in methods chapter section 

2.6. 
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The interpretation that the change in fluorescence is evoked by a change in mitochondrial 

[NADH] is supported by a lack of additive effect on [NADH] to that of rotenone alone 

(Figure 5.4). The fact that this is not the case is consistent with the notion that rotenone 

saturates the single mechanism by which NADH is increased (i.e., inhibition of complex I). 

Similarly, FCCP in the presence of 3% isoflurane did not result in further membrane 

depolarisation, indicating that isoflurane does not have a non-specific effect.  

5.4.2 Comparison with previous work: volatile anaesthesia and NADH  

These results support the work of Hanley et al., (2002) who reported similar results for the 

same volatile agents in cardio myocytes. They expressed the NADH increase as a function of 

the maximum fluorescence evoked by rotenone, whereas the data in this chapter is expressed 

as a function on maximum fluorescence achieved with anoxia. Nevertheless, a quantitative 

comparison of the results is possible: they used slightly higher concentrations of anaesthetics 

compared to this study and consequently their measured NADH auto fluorescence in the 

presence of anaesthetic is understandably slightly higher, but nevertheless the results are 

similar. They found the same order of potency in absolute % (i.e. that sevoflurane is the least 

potent and halothane and isoflurane very similar), although isoflurane is perhaps slightly 

more potent than halothane in this chapter. Further experiments reported in this paper reveal 

that the increase in [NADH] may be due to an inhibition of complex I. Furthermore, the 

experiment in this chapter measuring the anaesthetic-evoked increase in NADH 

autofluorescence in HEK cells confirms that, in accordance with previous literature, the effect 

of anaesthetics may be ubiquitous to all tissues, likely common to all cell types.   
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There are a number of other studies indicating that anaesthetics act on complex I in 

mitochondria with examples in C. elegans, (see also discussion below of mouse models and 

human patients). In C. elegans, Kayser et al., (1999;2004) found that mutations that result in 

decreased mitochondrial complex I function also increase sensitivity to volatile anaesthetics. 

In a follow up study with more mutants, Falk et al., (2006) report a clear correlation between 

mitochondrial complex I oxidative phosphorylation capacity and volatile anaesthetic 

sensitivity. Other studies performed by this group also analysed complex II, III and IV, but no 

changes in sensitivity in response to volatile anaesthesics were reported (Falk et al., 2006, 

Suthammarak et al., 2009). Although the methods used in this chapter do not allow us to 

define the site of action within the electron transport chain, based on the above studies 

published inhibition of complex I could likely offer (part of) the explanation for this 

observation. 

5.4.3 Comparison with previous work: volatile anaesthetics and mitochondrial 

membrane potential  

Whereas the anaesthetic influence on mitochondrial membrane potential in other tissues has 

been previously reported, the results in glomus cells are novel. Bains et al. (2006) reported 

that sevoflurane and isoflurane depolarize mitochondria of presynaptic neural tissue in rats 

and that isoflurane is more potent than sevoflurane (in this thesis; Figure 5.5 and Figure 5.6). 

Similarly, Pravdic et al. (2012) reported that isoflurane slightly, but significantly, depolarized 

mitochondrial membrane potential in isolated rat heart mitochondria and suggested this was 

due to an inhibition of complex I and of ATP synthase. With this additional evidence in other 



173 

 

cell types, it can be concluded that the changes in membrane potentials reported in this paper 

are in line with other research previously published.  

5.4.4 Implications of the results  

There are three potentially relevant implications of the result that clinically relevant 

concentrations of halothane, isoflurane and sevoflurane influence mitochondrial function: 

first, in relation to anaesthetic effects on oxygen sensing; second, in relation to anaesthetic 

preconditioning; and third, in relation to hypnotic effects of anaesthetics. 

5.4.5 Oxygen sensing 

One theory of oxygen sensing in the carotid body is the ‘metabolic theory’, which argues that 

oxygen is sensed through changes in mitochondrial energy, which in turn can contribute to 

the regulation of TASK channel activity (Duchen and Biscoe, 1992a, b, Buckler and Turner, 

2013). Volatile anaesthetics, so far, always appear to act in an opposite way to hypoxia. 

However, the observations in this chapter reveal a novel insight in the role of volatile 

anaesthetics within the framework of that theory. Drugs that inhibit mitochondrial 

metabolism or complex I (like rotenone and cyanide) reliably activate glomus cells (via 

closure of TASK channels, cell membrane depolarisation and Ca2+ influx) to secrete 

neurotransmitters to activate the hypoxic chemoreflex. If the sole actions of volatile 

anaesthetics were similar to this (albeit of more modest magnitude) then it would be expected 

that volatile anaesthetics would enhance the hypoxic chemoreflex. 
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Yet it is well established that volatile anaesthetics open TASK channels and inhibit Ca2+ 

entry into glomus cells and obtund the hypoxic chemoreflex (chapter 3 and 4). Because the 

net effect of anaesthetics is one of chemoreflex depression in the carotid body, anaesthetics 

elicit actions other than their effects of mitochondrial metabolism within the glomus cell that 

counteract and overcome any tendency to enhance the hypoxic chemoreflex. Therefore the 

apparently opposing effects of anaesthetics on the carotid body (one on mitochondria the 

other on TASK channels) constitute a complex form of regulation. The utility of such a 

mechanism remains unclear. 

5.4.6 Anaesthetic preconditioning  

Anaesthetic pre- or post- conditioning is the phenomenon in which the pre-exposure to 

volatile anaesthesia provides protection against subsequent ischemic insult in heart or brain 

tissue (Hu and Liu, 2009, Eckenhoff and Morgan, 2015). It is suggested that the mechanisms 

of anaesthetic preconditioning may be common to the phenomenon of ‘hypoxic 

preconditioning’, wherein a prior exposure to brief hypoxia protects the tissue from 

subsequent sustained hypoxic exposure. There are several mechanisms proposed with 

candidates being protein tyrosine kinases, mitogen activated protein kinases, KATP channels 

and especially some emerging evidence that volatile anaesthesia decrease reactive oxygen 

species generated by mitochondria during ischemia (Hu and Liu, 2009). 
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Supporting the notion that complex I inhibition may be involved in the preconditioning 

phenomenon, (Niatsetskaya et al., 2012) reported that preventive partial inhibition of 

complex I in mice resulted in decreased oxidative stress and less damage during hypoxic 

injury to hearts and brains. Volatile anaesthetics have been suggested to induce 

pharmacological preconditioning via the production of reactive oxygen species (ROS; 

Mullenheim et al. 2002; Novalija et al. 2002; Tanaka et al. 2002). Rotenone and other 

complex I inhibitors have been shown to increase the rate of production of ROS (Hasegawa 

et al. 1990; Ide et al. 1999) and drugs that open K+ channels like diazoxide and pinacidil 

(widely used to facilitate preconditioning (Saltman et al., 2000, Schwartz et al., 2007, Han et 

al., 2010), also depress the respiratory chain. The results in this chapter are consistent with 

these interpretations, demonstrating that the effect of anaesthetics on complex I is present in a 

wide variety of tissues, HEK cells included. 

5.4.7 Hypnotic effects of anaesthesia  

A very interesting observation was made when the data obtained in this chapter were 

converted to MAC. Figure 5.9A shows the NADH data expressed as the minimum alveolar 

concentration (MAC) of each agent for rats. This was 1.1% for halothane, 1.51% for 

isoflurane and 2.5% for sevoflurane (Kashimoto et al., 1997, Niemann et al., 2002, Leon et 

al., 2004). The MAC is in many ways an arbitrary end-point, focussed on an anaesthetic’s 

hypnotic effect (i.e., its ability to induce unconsciousness, or more accurately loss of response 

to a standardised surgical stimulus). At the same MAC value, the biological effect of any 

agent with respect to hypnotic endpoint is identical, so the scale normalises anaesthetic doses 

to the functional end-point of hypnosis (Aranake et al., 2013).  
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It appears that once converted to MAC, the agents effect is more similar, and statistically 

significant differences between sevoflurane and the other agents are lost (p = 0.489; NS). 

When converting the membrane potential measurements, the agent difference was retained. 

However, the fact that the agent discrimination disappears in the NADH MAC conversion is 

very interesting, and it is tempting to speculate if this mechanism therefore is important in 

facilitating the hypnosis in general anaesthetics. 

An emerging theory proposes a role for mitochondria in the hypnotic/narcotic effects of 

general anaesthesia. Modelling has suggested that a direct effect of volatile anaesthesics on 

ion channels alone is not enough to explain the profound effects of anaesthesia on 

consciousness (Chance et al., 1963, Morgan et al., 2002, Eckenhoff and Morgan, 2015). A 

generalised mechanism, such as the reduction in overall metabolism, could contribute at least 

in part to immobility and unconsciousness. The mitochondria play a crucial role in supplying 

the cells in the body with energy. Complex I is the main entry point for electrons entering the 

transport chain and consequently if the function of this complex decreases due to anaesthetic 

interaction, the entire transport chain will be disturbed and slowed down. 

 



177 

 

E ffe c ts  o f v o la t ile s  o n  N A D H  a u to f lu o re s c e n c e

%  A n a e s th e tic

N
A

D
H

 f
lu

o
re

s
c

e
n

c
e

 (
%

A
n

o
x

ia
)

0 2 4 6
0

1 0

2 0

3 0

4 0
h a lo th a n e

is o flu ra n e

s e v o flu ra n e

E ffe c ts  o f v o la t ile s  o n  N A D H  a u to f lu o re s c e n c e

M A C

N
A

D
H

 f
lu

o
re

s
c

e
n

c
e

 (
%

A
n

o
x

ia
)

0 1 2 3
0

1 0

2 0

3 0

4 0
h a lo th a n e

is o flu ra n e

s e v o flu ra n e

A B

M e m b r a n e  p o te n t ia l c h a n g e s  b y
a n a e s th e t ic s  a n d  a n o x ia

%  a n a e s th e tic

R
h

 1
2

3
 f

lu
o

re
s

c
e

n
c

e
(n

o
rm

a
li

s
e

d
 %

m
a

x
)

0 2 4 6
0

5

1 0

1 5

2 0

2 5
is o flu ra n e

s e v o flu ra n e

h a lo th a n e

a n o x ia

M e m b r a n e  p o te n t ia l c h a n g e s  b y
a n a e s th e t ic s  a n d  a n o x ia

M A C

R
h

 1
2

3
 f

lu
o

re
s

c
e

n
c

e
(n

o
rm

a
li

s
e

d
 %

m
a

x
)

0 1 2 3 4
0

5

1 0

1 5

2 0

2 5
is o flu ra n e

s e v o flu ra n e

h a lo th a n e

a n o x ia

A

B

 

 Figure 5.9: NADH and membrane potential measurements converted to MAC. Values of 1.1% for 

halothane, 1.51% for isoflurane and 2.5% for sevoflurane (A) NADH measurements converted to MAC (B) 

Membrane potential measurements converted to MAC.  

There is no inherent expectation that the effects of different anaesthetics at identical MAC 

values should be the same for all biological functions. Thus with respect to say glomus cell 

hypoxic response it does not follow that these concentrations of the anaesthetics will have the 

same effect. However, if a function is part of the mechanism of hypnosis then it would be 

expected that the effect of different agents is identical when expressed as MAC. Therefore, 

the result in Figure 5.9A is consistent with the notion that complex I/partial inhibition of 

electron transport may be involved in the hypnotic mechanism of anaesthetic action. 

Quintana et al. (2012) studied a knock out (KO) mouse model lacking the Ndufs4 gene, 

which is a subunit of mitochondrial complex I. The authors reported that the KO mice were 

extremely sensitive to isoflurane with an ED50 for hypnotic effect that was a third compared 

to littermate controls. For halothane the ED50 was more than half as much as controls. These 

observations suggest that anaesthetic effect on complex I function may go beyond oxygen 

sensing influences and be a target for the narcotic effect of volatile anaesthesia. 

A B 
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A relationship between complex I and anaesthetic sensitivity has also been identified in 

patients. Morgan et al. (2002) induced 16 young patients with various mitochondrial 

mutations using sevoflurane. Four patients, who had a specific complex I mutation, needed 

much lower than usual doses of sevoflurane to reach an appropriate anaesthetic depth for 

surgery. It is interesting that we found sevoflurane to be the least potent of the volatiles in its 

influence on complex I (Figure 5.9A and Figure 5.9B) It is important to stress that these 

mitochondrial disorders result in a severely affected phenotype and do not provide conclusive 

evidence of its role in hypnotic effects of general anaesthetics. Nevertheless, there is a 

growing body of evidence across species suggesting some interaction between anaesthetics 

act and complex I. 

In summary, the data in this chapter show that mitochondria are a potentially important target 

for volatile anaesthetics in the carotid body and their effects highlight the complexity of the 

hypoxia transduction cascade. 
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6.1 Introduction 

While the focus in the other chapters has been on identifying the mechanisms of volatile 

anaesthetic depression on the hypoxia transduction cascade in the carotid body, this chapter 

will look ahead to a potential solution to volatile anaesthetic evoked depression of the chemo-

reflex. In this chapter I will characterize two recently described compounds reported to block 

TASK channels and stimulate breathing in anaesthetized rats. The effects of these compounds 

will be studied on rat carotid body type-1 cells. The novel compounds are A1899, which is a 

cloned TASK-1 blocker and PK-THPP, a cloned TASK-3 blocker. The molecular structures 

are shown in Figure 6.1. 

There is much incentive for developing novel TASK blockers. Recent evidence suggests that 

compounds decreasing TASK channel activity in the carotid body have the potential to be 

useful for the treatment of conditions in the perioperative environment, with examples being 

anaesthesia induced ventilatory depression, sleep apnoea, or hypoventilation caused by 

obesity (Kiper et al., 2015). One of the main reasons that new breathing stimulants are needed 

is because the few existing drugs have strong side effects and are therefore not used very 

frequently. Two existing agents, which are both thought to act as chemo-excitants on the 

carotid body, are almitrine and doxapram (Peers, 1991, Takahashi et al., 2005, Golder et al., 

2013). Almitrine is a respiratory stimulatory drug that has been withdrawn in European 

Member States because of the risk of substantial weight loss and long-lasting peripheral 

neuropathy (European Medicines Agency, 2013). There is only a limited availability in a few 

other countries. Individuals without carotid bodies do not experience stimulatory breathing 
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effects when treated with almitrine, suggesting the almitrine effect does indeed work through 

carotid body activation (de Backer et al., 1983).  Doxapram on the other hand, is a breathing 

stimulant currently approved in EU Member States.  This drug is usually administered by one 

time infusion to stimulate respiration in the post-operative patient (Golder et al., 2013). 

However, due to its side effects it is not used very often, as the adverse effects include 

increased in blood pressure and seizures due to central nervous system stimulation (Ward, 

1968, Cotten, 2013). Like almitrine, doxapram was shown to stimulate carotid bodies in cats, 

but failed to do so after carotid body denervation (Mitchell and Herbert, 1975). Research on 

Xenopus oocytes injected with rat cRNA shows that doxapram targets TASK-1, TASK-3 and 

the TASK-1/3 and TASK-3/1 heterodimer (Cotten et al., 2006).  

PK-THPP is a propylketone (PK) derivative of tetrahydropyrido-pyrimidine (THPP) and was  

discovered and optimized by Merck & Co following a high throughput screening based on a 

5,6,7,8-tetrahydropyrido[4,3-d]pyrimidine (Coburn et al., 2012). It was described as a TASK-

3 antagonist and was promising for its ability to modulate sleep architecture in rodent models.    

A1899 was initially described by Streit et al., (2011) as a potent and highly selective blocker 

of TASK-1, blocking both inward and outward currents to the same extent in TASK-1 

expressed in Xenopus oocytes. In a high K+ medium, 400nM of A1899 leads to a block of 

60% of the channel current. Chimeric channels with different combinations of the 

transmembrane segments of the drug insensitive TASK-4 and drug sensitive TASK-1 were 

generated and expressed in oocytes. Through using different subunit combinations, the 

authors identified that both M2 and M4 segments of TASK-1 are crucial for the binding and 

block of the channel. Deletions in the halothane response element, or replacing this element 



182 

 

with the TASK-3 halothane response element, drastically reduce the drug affinity, suggesting 

that the TASK-1 halothane responsive element is involved in the binding and/or blocking of 

the drug and potentially also explaining the different drug affinities for TASK-1 and TASK-3 

(Streit et al., 2011).  

Cotten (2013) further examined both A1899 and PK-THPP in vivo in rats, suggesting further 

potential for these drugs as breathing stimulants. Rats were anaesthetized with isoflurane 

while receiving a dose of A1899, PK-THPP or doxapram. Cotton reported that PK-THPP and 

A1899 increased minute ventilation by increasing tidal volume and breathing rate. The 

stimulatory breathing effects observed in these experiments were of a greater magnitude and/ 

or duration compared to that of doxapram. The authors also highlight that unlike doxapram, 

PK-THPP and A1899 do not show an increase in blood pressure. If the drugs are indeed more 

potent compared to doxapram, this would suggest that there is a smaller likelihood of 

developing side effects, because less of the agent is needed.  

Rinne et al., (2015) further studied the effect of A1899 on TASK-1, TASK-3, and the 

concatomers TASK-1/3 and TASK-3/1 expressed in HEK cells. The authors reported that 

40nm A1899 induces a 46% block in whole cell recordings of HEK expressing TASK-1, 

whereas the same concentration of A1899 in HEK cells expressing TASK-3 channels lead to 

a modest 9% reduction. The authors also reported inhibition by A1899 on the concatemer 

mediated current.  
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The relevance of A1899 appears not to be exclusive to ventilation research. In pancreatic 

mouse cell lines, A1899 has been reported to reduce TASK-1 currents and as a consequence 

could be used to regulate α-cell excitability (Dadi et al., 2015).  

The above research strongly suggests that these agents may be powerful breathing stimulants, 

acting through inhibition of TASK channel activity. These agents are therefore of interest to 

my research for two reasons. Firstly, no studies to date have been performed that examine the 

effect of these drugs on type-1 carotid body cells. It needs to be confirmed whether these 

compounds can decrease the native (heterodimer) TASK channel activity and excite the type-

1 cells. So far, the effect of these drugs on the heterodimer has only been tested using 

concatemers and attempting spontaneous hetero dimerisation by cotransfection (Rinne et al., 

2015). To date, the carotid body is the only organ in which different research groups have 

independently confirmed the presence of heterodimers (Czirjak and Enyedi, 2002, Kim et al., 

2009a, Turner and Buckler, 2013b). The second reason for studying these inhibitors is to test 

whether application of these drugs could be used to selectively block subtypes of TASK 

channels in carotid body patch clamp recordings. TASK channel expression in the carotid 

body is thought to comprise a mixture of the homodimers of TASK-1, TASK-3 and the 

heterodimer TASK-1/3. If these compounds show differential selectivity for one of the 

homodimers, this would enable us to study the TASK channels in a more isolated way, which 

would make a very useful tool for studying the relevance of each of the subtypes. 

The first aim of this chapter is thus to investigate the effects of PK-THPP and A1899 on 

TASK channel activity in the rat glomus cell, and to compare this with the effects of 

doxapram, as a drug which is currently in use. The second aim of this chapter is to investigate 
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the effect of PK-THPP and A1899 in the presence of a clinically relevant concentration of 

isoflurane. Again, this will be compared with the effect of doxapram in the presence of 

isoflurane. The third aim of this chapter is to establish if A1899 and PK-THPP can be used to 

selectively block subtypes of TASK channels in carotid body single channel recordings.  

To address these three questions, both compounds will first be applied to HEK cells 

expressing ratTASK-1 for A1899 and ratTASK-3 for PK-THPP to examine channel activity 

through cell attached single channel recordings as a positive control. This will provide a first 

insight if the compounds added to the bath solution will reach the channel in cell attached 

recordings. Next, a concentration response curve will be made for the effect of both agents on 

the background TASK channel activity in rat type-1 carotid body cells. In the final 

experiment, the compounds will be combined with a clinical relevant dose of isoflurane, to 

see if these compounds can (partially) reverse the increase of channel activity evoked by 

isoflurane.  

 

Figure 6.1: Molecular structure of A1899, PK-THPP and doxapram. Adapted from (Cotten, 2013) 
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6.2 Methods 

6.2.1 A1899 and PK-THPP 

A1899 and PK-THPP were synthesized by Aberjona Laboratories, Inc. (Woburn, USA) and 

delivered in 10mg aliquots. At the beginning of each week, the aliquots were dissolved in 

dimethylsulfoxide (DMSO) and kept at -20ºC. The DMSO solution was added to the bottle 

containing Tyrode solution 15 minutes prior to the start of the experiments. From experience 

we noted that the drug potency of the DMSO diluted aliquots rapidly declined from 1 week 

following dilution in DMSO, and that no effect was noticed two weeks post dissolving in 

DMSO. The recordings included in this chapter were therefore dissolved in DMSO no less 

than a week prior to the start of the experiments. The inhibitors were dissolved in such a way 

that 5-8μL needed to be pipetted into a bottle containing 200mL Tyrode. However, for a few 

A1899 experiments in which a concentration higher than 400nM was used and thus more 

DMSO, a control application of 80µL DMSO in 200mL Tyrode without inhibitor was applied 

to glomus cells to verify whether or not this concentration evoked a change in TASK channel 

activity, however, none was detected (result not shown, n=2). 

6.2.2 HEK Cell culture and transfections 

HEK cells were cultured and transfected with 1.2µg ratTASK-1 or ratTASK-3 inserted in 

pIRES-EGFP, using lipofectamine and PLUS reagent as previously described in methods 

chapter 2 section 2.2.7. 24-48 hours post transfection, cells were harvested and plated onto 
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poly-L-lysine coated glass coverslips. Two hours after plating, the cells were used for 

recordings.  

6.2.3 Glomus cell isolation 

For the extended procedure, refer to methods chapter 2 section 2.3. In short, carotid 

bifurcations were surgically removed from isoflurane anesthetized rat pups P10-P14. Carotid 

bodies were sub dissected and plated in medium onto poly-L-lysine coated glass coverslips. 

Cells were incubated with rhodamine-PNA, which resulted in a bright orange staining for 

glomus cells. Glomus cells were used for recordings within 8 hours of plating.    

6.2.4 Recording conditions for cell attached patching of HEK and glomus cells 

Cell-attached patch clamp recordings were performed using an Axopatch 200B (Molecular 

Devices LLC, Sunnyvale, US). Recordings were made with borosilicate pipettes (Harvard 

Apparatus Ltd, Kent, UK) and were sylgard-coated and fire-polished before use. Cells were 

placed in the recording chamber in standard tyrode in which seal formation was attempted 

with the borosilicate pipette containing high K+ (140mM) as previously described in chapter 

2. When a giga-ohm a seal was formed, the Tyrode solution was switched to 100mM K+ and 

a positive pipette potential was applied of +80mV. Single-channel recordings were filtered at 

2–5 kHz and current was recorded and digitalized at 20 kHz. Voltage clamp control, data 

acquisition and analysis were performed using Spike2 (Cambridge Electronic Design, 

Cambridge, UK). 
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6.2.5 Experimental protocol and data analyses for HEK expressing cells TASK-1 or -3 

To verify the effect of A1899 on TASK-1 and PK-THPP on TASK-3, the compounds were 

applied to HEK cells expressing TASK-1 or TASK-3. Because of the large amount of 

channels in the average patch, these multichannel recordings are not suitable for detailed and 

elegant single channel analysis, instead the average current evoked by the multichannel 

patches was measured before and during drug application. The current during inhibitor 

application was expressed as a % inhibition compared to control channel activity before 

application. 400nM of each inhibitor was added to the bath solution, the pipettes did not 

contain any inhibitor. Cells were placed in the recording chamber in standard Tyrode (in mM: 

117 NaCl, 4.5 KCl, 1 MgCl2, 23 NaHCO3, 11 glucose equilibrated with 5% CO2) in which 

seal formation was attempted with a borosilicate pipette containing (140mM K+). Once a 

giga-ohm a seal was formed, the Tyrode solution was switched to 100mM K+ Tyrode 

solution. The protocol for drug application was (1) high K+ control, (2)  inhibitor application 

(A1899 or PK-THPP) (30-80 seconds) (3) high K+ control.  

6.2.6 Experimental protocol for the measurement of TASK channel activity in glomus 

cells 

Single-channel activity was defined by nPopen. Main conductance states for channel activity 

were established in an all-points histogram and used to set a 75% open threshold for nPopen 

definition analysis, so to enable a the best possible capture of the TASK-1/3 heterodimer.         

The increase in channel activity as defined by nPopen was measured as an increase compared 

to control.  
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Single agent and concentration response curve recordings 

The protocol for drug application was (1) high K+ control on, (2) drug on (30-80 seconds) (3) 

high K+ control on. Cells were challenged with doxapram, PK-THPP or A1899. A maximum 

of up to 3 different doses of the same drug were applied within each recording in random 

order. 

The effects of breathing stimulants combined with isoflurane 

Once a giga-ohm seal was formed, the bath solution was switched to high K+. The protocol 

for drug application was: (1) High K+ control (2) 1.5% isoflurane (3) 1.5% isoflurane + 

400nm breathing stimulant (4) isoflurane 1.5% (5) high K+ control on. For data analyses, the 

change in nPopen Isoflurane alone was compared to isoflurane with drug.  

Statistical analysis for glomus cell recordings 

A normality test was run for all the single channel data sets. Where normality was confirmed 

with a Shapiro-Wilk test, a paired t-test was used to compare channel activity of drug 

compared to control. In the data set where no normality was found, a related samples 

Wilcoxon signed rank test was run.   

6.2.7 NADH auto-fluorescence recordings in glomus cells 

A1899 and PK-THPP were tested for mitochondrial interaction by measuring a change in 

NADH auto-fluorescence upon application. Detailed information can be found in the NADH 
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auto-fluorescence methods section of chapter 2 section 2.8. In short, fluorescence 

measurements were performed using a microspectrofluorimeter. NADH was excited at 340 

nm and fluorescence was measured at 450±15 nm. The output of the PMT was connected to 

an IV converter which generated an output in volts. In each recording, PK-THPP or A1899 

was applied for approximately 30 seconds and a 5 seconds section of the plateau of each 

challenge was used to measure the value in volts. A Wilcoxon Signed Rank test was 

performed to test whether there was a change in baseline NADH upon application of the 

inhibitors.  
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6.3 Results  

6.3.1 Breathing stimulants in HEK cells  

A1899 

A1899 was applied to HEK cells expressing TASK-1 as positive control to determine if the 

method of drug application (by dissolving the drug in the Tyrode bath solution) results in a 

noticeable change in TASK-1 channel activity as previously reported and thus can access the 

channel. Figure 6.2A and B show a representative trace revealing that 400nM A1899 strongly 

depresses TASK-1 channel activity. The recordings (n=4) show that A1899 significantly 

reduces the channel activity in a reversible fashion by 63.4% (SEM 7.7%, t-test p = 0.045 

Figure 6.2C). It took up to 90 seconds for the cell to recover to baseline channel activity 

following A1899 application. Upon application, the large multichannel current reduced 

significantly, which resulted in a cell attached patch in which individual channels can be 

identified more clearly.   
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Figure 6.2: A1899 reduces TASK-1 channel activity in cell-attached patches in HEK cells.  Representative 

trace of TASK-1 channel activity over (A) approximately 3 minutes and (B) superimposed over 0.1 seconds. (C) 

A1899 (n=4) significantly depresses the channel activity by 63.4% (SEM 7.7%, t-test p = 0.045).  Cells were 

superfused with 100 mM K+ Tyrode, with 140 mM K+ in the pipette solution. Pipette potential was +80 mV.  
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PK-THPP 

Similar results were obtained for the effect of PK-THPP on HEK cells expressing TASK-3. 

400nM PK-THPP strongly depressed the TASK-3 channel activity.  Figure 6.3A and B show 

a representative trace revealing that 400nM of PK-THPP (n=3) strongly depresses the TASK-

3 activity in a reversible fashion by 85.1% (SEM 2.6%, Figure 6.3C). It took up to 90 seconds 

for the cell to recover to baseline channel activity following PK-THPP application. Upon 

application, the large multichannel current reduced significantly, which resulted in a cell 

attached patch in which individual channels can be identified more clearly.   
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Figure 6.3: PK-THPP reduces TASK-3 channel activity in cell-attached patches in HEK cells. 

Representative trace of TASK-3 channel activity over (A) approximately 2 minutes and (B) 0.3 seconds. (C) 

PK-THPP (n=3) significantly depresses the channel activity by 85.1% (SEM 2.6%).  Cells were superfused with 

100 mM K+ Tyrode, with 140 mM K+ in the pipette solution. Pipette potential was +80 mV. 
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6.3.2 Breathing stimulants in Rat Glomus cells 

Now that the drug effect and its application have been verified in HEK cells, the next 

question was to assess if, and by how much, PK-THPP and A1899 inhibit native TASK 

channel activity in the rat glomus cell. This is followed by application of doxapram, to allow 

for comparison of the depressive effect to an existing breathing stimulant. 

A1899  

Upon 400nM A1899 application, TASK channel activity in rat carotid body glomus cells was 

inhibited in a modest and reversible fashion. Figure 6.4A and B show an example trace of the 

same concentration (400nM) as also used in the HEK cells. A paired t-test between the 

nPopen values of a 20s period prior to and during 400nm A1899 application revealed a 

significant depression of 35% (SEM 6.7% N=8) with p = 0.028 (df= 7 t = 2.759) (Figure 

6.4C).  
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Figure 6.4: A1899 reduces background channel activity in cell-attached a rat type-1 cell patch. 400 nm 

A1899 (n=8) has a modest and reversible depression on the TASK channel activity.  Representative trace of 

TASK channel activity over (A) approximately 1.5 minutes and (B) 0.4 seconds. (C) A1899 significantly 

depresses channel activity by 35% (SEM 6.7%, p = 0.028 df= 7 t = 2.759). The diagram displays % change in 

nPopen values compared to channel activity before A1899 application.  
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A representative all-points histogram in Figure 6.5 reveals that A1899 partly inhibits the peak 

channel activity around 2.6pA which typically represents the TASK-1/3 heterodimer. Open 

amplitudes around 1.2pA are also partly inhibited, which are assumed to represent some 

TASK-1 channel activity present in the patch.  

 

 
 

Figure 6.5: Representative all points histogram for the effect of 400nM A1899 on glomus cell TASK 
channel activity. Histogram was generated from a selected 20s section of both control and A1899 application. 

Bin-width was 0.1pA. 
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A concentration-response over a log scale was done to further establish the effect of A1899 

on TASK channels in rat glomus cells (Figure 6.6). The graph reveals that at higher 

concentration, the depression evoked by 1899 increases. 
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Figure 6.6: Concentration response of A1899 on background TASK channel activity in rat type-1 cell. % 

change in nPopen values compared to channel activity before A1899 application (50nm: n=4, 400nm: n=8 , 

4000nm: n=6). Threshold 75%.  
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Although the reduction in channel activity was modest at 400nM, this concentration is 

nonetheless sufficient to stimulate the glomus cell and cause an increase in [Ca2+]i in rat 

glomus cells as observed by P. O’ Donohoe in our lab (O'Donohoe, 2015). To confirm these 

results and to serve as a positive control for the modest reduction seen in the TASK glomus 

cells, I performed Ca2+ recordings on two type-1 cells. On one of the cells, after the Ca2+ 

measurements were completed, a single channel recording was also obtained. A 

representative trace is displayed in Figure 6.7 in which 400nM A1899 is flanked on each side 

with a hypoxia stimulus representing 0% oxygen.  

  

 
Figure 6.7: A1899 evoked Ca2+ entry in rat glomus cell. An original recording of intracellular Ca2+ 

concentration measured using Indo-1 in a type-1 cell bathed in normal Tyrode. Cells are first exposed to a 

hypoxic stimulus of 0% oxygen and then exposed to 400nm A1899 in 21% O2.  
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PK-THPP 

The effect of PK-THPP was studied on carotid body glomus cells. Upon 400nM PK-THPP 

application, TASK channel activity in rat carotid body glomus cells was inhibited in a strong 

and reversible fashion. Figure 6.8A and B show an example trace of the same concentration 

(400nM) as also used in the HEK cells. A paired t-test of ten recordings between the nPopen 

values of a 20s period prior to and during 400nm PK-THPP application revealed a significant 

depression of 90% (SEM 2.7%, P= 0.034 df = 9 t = 2.489. Figure 6.8C).  

A representative all-points histogram in Figure 6.9 reveals that PK-THPP partly inhibits the 

peak channel activity around 1.2pA which are assumed to represent some TASK-1 channel 

activity present in the patch. All other amplitudes, are strongly inhibited by PK-THPP. In 

particular the ~2.6pA which typically represents the TASK-1/3 heterodimer, but also the peak 

amplitudes around 3-3.5pA which may represent some TASK-3 channel activity present in 

the patch.  
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Figure 6.8: PK-THPP reduces background channel activity in cell-attached rat type-1 cell patch. 400 nm 

PK-THPP (n=10) evokes a strong and reversible depression of background TASK channel activity.  

Representative trace of TASK channel activity over (A) approximately 1.5 minutes and (B) 1 second. (C) PK-

THPP significantly depresses channel activity by 90% (SEM 2.7% paired t-test P= 0.034 df=9 t= 2.489). The 

diagram displays % change in nPopen values compared to channel activity before PK-THPP application. 

Threshold for nPopen was 75%. Pipette potential was +80 mV. Cells were superfused with 100 mM K+ Tyrode, 

with 140 mM K+ in the pipette solution.  
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Figure 6.9: Representative all points histogram for the effect of 400nM PK-THPP on glomus cell TASK 
channel activity. Histogram was generated from a selected 20s section of both control and A1899 application. 

Bin-width was  

Two lower concentrations (40nM and 120nM) were applied to glomus cells to generate a 

concentration response curve of the effect of PK-THPP on TASK. Curve fitting of a 

hyperbola suggests a Kd for the effect of PK-THPP of 66.0nM and a Bmax of 100% 

inhibition. 
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Figure 6.10: Concentration response of PK-THPP on background TASK channel activity in rat type-1 
cell. % change in nPopen values compared to channel activity before PK-THPP application (40nm: n=5, 120nm: 

n=5 , 400nm: n=10). Hyperbola curve fitting generated a curve with R square of 0.997, BMax of 100 and a Kd 

of 66.02nM (SEM 9.5) 
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Doxapram 

To compare the new breathing stimulants to an existing breathing stimulant drug, doxapram 

was applied to rat glomus cells while recording TASK channel activity. The effect of 

doxapram has not been fully studied on native TASK channels in type-1 cells before, but only 

in expressed systems (Cotten et al., 2006). Figure 6.11A and B show a representative trace of 

50μM doxapram revealing a rapid and reversible depression of TASK channel activity. 

Figure 6.11C reveals the average channel activity compared to control channel activity which 

was set at a 100%. The 5μM concentration evoked a 6.8% depression (n=3, SEM 2.2%) and 

50μM evoked a significant depression of 42.3% depression Wilcoxon Signed Rank Test 

(n=7, SEM 4.6%, P= 0.018).  
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Figure 6.11: Background channel activity in cell-attached rat type-1 cell patch. 50 µM doxapram (n=7) 

evokes a modest and reversible depression on the TASK channel activity. Representative trace of TASK 

channel activity over (A) approximately 1.5 minutes and (B) superimposed over 0.3 seconds. (C) Doxapram 

5μM N=3 slightly decreases channel activity. Doxapram 50μM significantly depresses channel activity by 

42.3% ( SEM 4.6%  Wilcoxon Signed Rank P= 0.018).   
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Figure 6.12 displays an all points histogram revealing that doxapram depression is most 

apparent at 2.7pA representing the TASK-1/3 heterodimer, although modest inhibition is also 

observed all other peak amplitudes. 

 

Figure 6.12: representative all-points histogram of 50 µM on rat glomus cells TASK channels. Histogram 

was generated from a selected 20s section of both control and doxapram application. Bin-width was 0.1pA. 
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6.3.3 The effects of breathing stimulants combined with isoflurane 

A1899, PK-THPP and doxapram were all applied in combination with a relevant 

concentration of isoflurane (1.5%), to investigate if the inhibition of TASK channel was still 

apparent in the presence of an anaesthetic known to increase TASK channel activity. 

A1899 

A1899 and a clinically relevant concentration of 1.5% isoflurane, was combined and applied 

to glomus cells. First 1.5% isoflurane was applied to the cells followed directly by an 

application of 1.5% isoflurane combined with 400nM A1899. Isoflurane evoked a rapid and 

reversible increase of channel activity of 69% (n=8 SEM 19.6%) compared to control which 

can be seen in the representative traces of Figure 6.13A and B. Isoflurane 1.5% in the 

presence of 400nM A1899 evoked a depression of 25.5% (n=8 SEM 13.9%) compared to 

control. A related samples Wilcoxon signed rank test comparing nPopen of isoflurane alone 

and isoflurane combined with A1899 revealed a significant difference with p=0.012 (Figure 

6.13C). 
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Figure 6.13: A1899 depresses background TASK channel activity in rat type-1 cell in the presence of 

1.5% isoflurane In the presence of a clinically relevant dose of 1.5% isoflurane, 400nm A1899 is still able to 

depress TASK channel activity in glomus cell.  Representative trace of TASK channel activity over (A) 

approximately 4 minutes and (B) 1 second.  (C) % change in nPopen values compared to channel activity before 

isoflurane and A1899  application. Isoflurane evoked an increase of channel activity of 69% (N=8 SEM 19.6%) 

(N=8). Isoflurane 1.5% in the presence of 400nM A1899 evoked a depression of 25.5% (N=8 SEM 13.9%) 

compared to control. A related samples Wilcoxon signed rank test p=0.012 
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Figure 6.14 shows a representative all points histogram. Isoflurane 1.5% (purple) application 

results in an increase in channel activity of the heterodimer peak. The application of 

isoflurane 1.5% in the presence of 400 nM A1899 (light blue) leads to a depression, 

especially amongst the channels with the main peak amplitude of 2.8pA. Very little 

depression can be seen around the open amplitudes of 1-1.5pA. 

 

 
Figure 6.14: all-points histograms revealing control, 1.5% isoflurane and 1.5% isoflurane + 400nM PK-
THPP.  Each histogram was (0.1 pA bin widths) generated from 20 s segments of cell-attached recordings. 
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PK-THPP 

To examine if PK-THPP is also able to depress TASK channel activity in the presence of a 

clinically relevant dose of isoflurane (1.5%), both agents were combined and applied to 

glomus cells. First 1.5% isoflurane was applied to the cells followed directly by an 

application of 1.5% isoflurane combined with 400nM PK-THPP. The representative traces in 

Figure 6.15A and B show that 400nM PK-THPP in the presence of 1.5% isoflurane leads to a 

rapid and strong depression. Isoflurane evoked an increase of channel activity of 51.9% (N=8 

SEM 15.1%) compared to control. Isoflurane 1.5% in the presence of 400nM PK-THPP 

evoked a depression of 84.8% (N=8 SEM 4.4%) compared to control. A paired t-test between 

nPopen of isoflurane alone and isoflurane combined with PK-THPP revealed a significant 

difference with p=0.012 (df=7 Figure 6.15C).  
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Figure 6.15: PK-THPP depresses background TASK channel activity in rat type-1 cells in the presence of 
1.5% isoflurane In the presence of a clinically relevant dose of 1.5% isoflurane, 400nm PK-THPP is still able 

to depress TASK channel activity in glomus cell.  Representative trace of TASK channel activity over (A) 

approximately 2 minutes and (B) 1 second.  (C) % change in nPopen values compared to channel activity before 

isoflurane application (N=8). Isoflurane evoked an increase of channel activity of 51.9% (n=8 SEM 15.1%) 

compared to control. Isoflurane 1.5% in the presence of 400nM PKTHPP evoked a depression of 84.8% (n=8 

SEM 4.4%) compared to control. A paired t-test between nPopen of isoflurane alone and isoflurane combined 

with PK-THPP revealed a significant different with p=0.012 (df=7). Recording filtered at 5kHZ.  
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 Figure 6.16 shows a representative all points histogram. Isoflurane 1.5% (purple) application 

results in an increase in channel activity. The application of isoflurane 1.5% in the presence 

of 400 nM PK-THPP (dark blue) leads to a depression, especially in the channels with an 

amplitude of 1.7pA and larger. 

 

 

Figure 6.16: all-points histograms revealing control, 1.5% isoflurane and 1.5% isoflurane + 400nM 
A1899.  Histogram was generated from 20 seconds segments of cell-attached recordings. 
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Doxapram 

To examine if doxapram is able to depress TASK channel activity in the presence of a 

clinically relevant dose of isoflurane, both agents were combined and applied to glomus cells. 

First 1.5% isoflurane was applied to the cells followed directly by an application of by 1.5% 

isoflurane combined with 50µM Doxapram. Figure 6.17 shows that isoflurane evoked an 

increase of channel activity of 35% (n=8 SEM 6.6%) compared to control as seen in Figure 

6.17. Isoflurane 1.5% in the presence of 50µM doxapram evoked a depression of 35.1% (n=5 

SEM 10.8%) compared to control. A related samples Wilcoxon signed rank test comparing 

nPopen of isoflurane alone and isoflurane combined with doxapram revealed a significant 

difference with p= 0.043.   
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Figure 6.17: Doxapram (50μM) depresses background TASK channel activity in rat type-1 cell in the 
presence of 1.5% isoflurane. Representative trace of TASK channel activity over (A) approximately 2 minutes 

and (B) superimposed over 1 second. % change in nPopen values compared to channel activity before isoflurane 

application (N=8). Isoflurane evoked an increase of channel activity of 35.0% (N=8 SEM 6.6%) compared to 

control. Isoflurane 1.5% in the presence of 400nM A1899 evoked a depression of 35.0% (N=8 SEM 10.8% P = 

0.043) compared to control. Note: in panel A, a small section of recording was removed in which a noise or 

disturbance occurred.  
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Figure 6.16 shows a representative all points histogram. Isoflurane 1.5% (purple) application 

results into an increase in channel activity. The application of isoflurane 1.5% in the presence 

of 50μM doxapram (orange) leads to a partial inhibition which is most predominant in the 

presumed heterodimer channels, but also to some degree in channels with smaller and larger 

open amplitudes. 

 

 
Figure 6.18: all-points histograms revealing control, 1.5% isoflurane and 1.5% isoflurane + 50M 
doxapram.  Histogram was generated from 20 s segments of cell-attached recordings. 
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6.3.4 NADH auto-fluorescence measurements of A1899 and PK-THPP in glomus cell 

NADH auto-fluorescence measurements were carried out to observe, if there were any 

interactions between either compound and mitochondrial respiration in glomus cells. Either 

400nM A1899 or PK-THPP was applied in standard Tyrode (21%O2 with 5% CO2). No 

change in baseline signal was detected between the control auto-fluorescence baseline level 

and the baseline level during PK-THPP application  (p= 1.00, n=4, Wilcoxon Signed Rank 

Test) indicating that these drugs do not change NADH levels within mitochondria. Similarly, 

for A1899, four recordings showed no difference in NADH fluorescence of control baseline 

level compared to 400nM A1899 application (p=0.715 Wilcoxon Signed Rank Test).  

 

Figure 6.19: Representative traces of A1899 and PK-THPP on NADH autofluorescence. (A) Anoxia 

stimulus followed by the application of 400nM A1899 in normoxic conditions. (B) Anoxia stimulus followed by 

PK-THPP application in normoxic conditions. 
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6.4 Discussion 

The experiments in this chapter demonstrate that application of PK-THPP, A1899 and 

doxapram decrease background TASK channel activity in native rat glomus cells and that the 

two novel inhibitors appear to be more efficient in doing so than doxapram. This work is in 

line with experiments simultaneously performed by P. O’Donohoe (O'Donohoe, 2015), who 

showed that application of A1899 and PK-THPP in the nanomolar range cause a Ca2+ influx 

in rat glomus cells. Taking all results together, we can conclude these two novel drugs act as 

chemo excitants through (partial) TASK channel inhibition. Experiments in this chapter also 

show that all three drugs are still able to depress TASK channel activity in the presence of a 

clinically relevant concentration of isoflurane. The sections below will discuss the results of 

this chapter in more detail and will discuss the potential clinical relevance of these drugs in 

the future, both the promising aspects and the possible limitations.  

6.4.1 A1899 and PK-THPP on glomus cell TASK activity 

The results in this chapter suggest that application of PK-THPP, A1899 and doxapram 

decrease background TASK channel activity in native rat glomus cells. PK-THPP is the most 

effective inhibitor of TASK-channel and upon application, results in a rapid and reversible 

decrease of channel activity across all amplitude ranges. Application of concentrations in the 

nanomolar range such as 400nM decrease the nPopen values for channel activity of the 

heterodimer by 90%. Similarly, 400nM A1899 also reduces channel activity across all 

amplitude ranges and 400nm decreases channel activity of the heterodimer by 35% in a 
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reversible fashion. doxapram decreases TASK channel activity at a much higher 

concentration, reaching a 35% depression of the heterodimer by applying 50µM to the bath, 

which is more than a 100 fold higher concentration. Therefore, it appears that the novel 

compounds are more effective inhibitors of the native heterodimer channel than doxapram.  

In most of the single channel cell attached recordings, it is believed that we predominantly 

observe TASK-1/3 channel activity, which typically has an average peak amplitude of 2.7pA 

(Turner and Buckler, 2013b). When looking at the all points histograms of the inhibitors 

effects, an equal depression of all channel amplitudes can be seen with no clear 

discrimination of selectivity for channels with a larger or smaller average peak amplitudes. 

For example around 1.2pA, which is where we expect TASK-1 channels to appear or ~3.2 pA 

where we expect to observe TASK-3 channels, no clear discrimination in the degree of 

inhibition is detected. The fact that we fail to observe a discrimination of different TASK 

subsets can be explained in two different ways. The first possible explanation is that the 

patches rarely contain TASK-1 or TASK-3 homomeric channels. Thus, the only effect 

observed in the recorded patches, is the effect on the heterodimer. Even if the patches contain 

one or two homomers, these are ‘hidden’ behind the TASK-1/3 heterodimer, which are 

believed to be present at much higher frequencies. This explanation is supported by research 

performed by Kim et al. (2009a), who predicted that 75% of the background current comes 

from the heterodimer and therefore 75% of wild-type channel activity could come from 

heterodimer. Turner and Buckler (2013b) also concluded that the total channel activity 

combined of both TASK 3 KO mice and TASK-1 KO mice is still 3.6 times  lower than wild 

type-1 cell channel activity, indicating that the heterodimer accounts for the vast majority of 

channels observed in the patches. A second explanation for the lack of discrimination is that 
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the drug affinity for the heterodimer is simply as strong as that for the individual TASK-1 or 

TASK-3 channels. However, with the results obtained so far, it is not possible to exclude 

either explanation. These results do however demonstrate for the first time, that A1899 and 

PK-THPP effectively depress the native heterodimer as it appears in the rat glomus cell. 

The only previous study performed on a TASK-1/3 ‘heterodimer’ was carried out by Rinne et 

al. (2015). The authors investigated the effect of A1899 on TASK-1/3 concatemers and 

discovered that the orientation of the concatemer determined the amount of block evoked by 

the A1899 inhibitor. The TASK-3/1 concatemer was inhibited by 34%, resembling the 

TASK-1 block, whereas the TASK-1/3 was inhibited by 9%, resembling the block on TASK-

3. As it appeared that the pharmacology of the concatemer depended on the orientation of the 

construct, the authors suggested that heterodimer studies are best done by co-transfecting 

TASK-1 and -3 together or by performing studies on the native channel itself.  

6.4.2 Clinical relevance of A1899 and PK-THPP 

With promising results in this chapter regarding the drug efficacy, and taken into 

consideration the positive results from (Cotten, 2013) who noted an increased minute 

ventilation by increasing tidal volume and breathing rate, one could hypothesize about the 

suitability of these drugs for clinical application.  The sections below will elaborate briefly on 

the many potential clinical targets for TASK channel blockers. Examples will be anaesthesia 

evoked ventilatory depression, obstructive sleep apnoea, atrial fibrillation and breast cancers. 
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Studying the effect of the inhibitors on human carotid body cells would be ideal. There is 

some evidence suggesting that the most promising drug for human use would be A1899. 

Immunohistochemistry studies performed by (Fagerlund et al., 2010) and microarray studies 

performed by (Mkrtchian et al., 2012) reveal that TASK-1, but potentially not TASK-3, is 

expressed in the human carotid body. Therefore TASK-1 may be the predominant 

background K2P channel in human glomus cells. Because of the similarity in action compared 

to doxapram (they both act on TASK channel in carotid body), it would therefore be worth 

considering its use to stimulate breathing in patients experiencing anaesthesia evoked 

ventilatory depression.  

Another condition that could benefit from TASK blockers is obstructive sleep apnoea. This is 

a disorder characterised by repetitive partial or complete upper airway occlusion during sleep, 

leading to reduction of airflow and a decrease in arterial oxygen saturation (Mason et al., 

2015). Wirth et al., (2013) administered AVE0118 to a sleep apnoea model in anesthetized 

pigs. This agents has been reported to block TASK-1 (and Kv 1.5 to a lesser extend) (Kiper et 

al., 2015). The authors suggest that AVE0118 sensitized upper airway mechanoreceptors, by 

making the resting membrane potential less negative and thus enhancing depolarization, 

which then enhances a negative pressure reflex in the upper airways and prevents collapsing. 

These results indicate that A1899 and/or PK-THPP could potentially be beneficial for 

treatment of sleep apnoea.  

Limberg et al., (2011) showed with PCR studies that TASK-1 is expressed in human atria and 

auricles. Their single channel recordings revealed TASK-1 currents in cardio myocytes in 

right human auricles. The authors suggest that TASK-1 might be a drug target for the 
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treatment of atrial fibrillation, because of the specific expression in atria and auricles only 

and because of TASK-1 proposed importance in contributing to the action potential duration. 

A recent study performed by (Harleton et al., 2015) also confirmed the presence of TASK-1 

in human and canine atrial cardio myocytes and found that inhibition of TASK-1 currents 

disrupted repolarization of isolated cells. Although A1899 may potentially be promising for 

the treatment of certain heart conditions, the wide expression of TASK-1 in different parts of 

the human heart should also be carefully considered when testing A1899 for human use.  

Lastly, there are a few reports indicating a role of TASK channel overexpression in certain 

cancer cell types. Mu et al., (2003) identified in breast cancer samples that in 10% of the 

cases KCNK9 (encoding TASK-3) is amplified and overexpressed and suggest this may play 

an important role in hypoxia tolerance of tumour cells. Innamaa et al., (2013) reported 

TASK-3 is expression in epithelial ovarian cancer and also Pei et al., (2003) indicated that 

blocking TASK-3 in certain tumours may have therapeutic potential for the treatment of 

cancers. 

To summarize, based on the existing literature and the experiments in this chapter, there 

appears to be a promising future for TASK blockers, which may not only extend to the 

treatment of carotid body related conditions, but also to a wide variety of other potential 

clinical applications. The results also highlight the need for further preclinical studies to 

elucidate more about the role TASK channels and their inhibition in a variety of tissues.  
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7.1.1 Main findings 

The primary aim of this thesis was to investigate how volatile anaesthetics depress the 

hypoxia sensitivity in the carotid body. My research started by examining hypoxia evoked 

Ca2+ entry and, following exclusion of a significant effect of anaesthetics on voltage gated 

Ca2+ channels, attention turned to TASK channels. Native TASK channels were investigated 

first, followed by a study of TASK channels transiently expressed in HEK cells. Next, my 

attention turned to the mitochondria to examine whether the anaesthetic evoked changes in 

mitochondrial function. The study was concluded by examining the effect of two novel 

TASK blocking agents on native TASK channel activity and their ability to offset the effects 

of anaesthetics. 

This thesis has achieved its primary goal and revealed that, in carotid body cells, hypoxia 

evoked Ca2+ entry is depressed by halothane > isoflurane > sevoflurane. Similarly, the 

activity of native carotid body TASK channels and that of rat-TASK-1 and rat TASK-3 

transiently expressed in HEK cells is increased by halothane > isoflurane > sevoflurane. This 

is in accordance with the variable depressive effects of anaesthetics in human and rat 

ventilatory studies (Pandit, 2002, Karanovic et al., 2010). The fact that this order of potency 

of anaesthetics is conserved even across cloned TASK channels, suggests that these channels 

may be key to the effects of anaesthetic in relation to respiratory control, and could even be a 

sufficient explanation for whole-body phenomena, notably the differential depressive 

sensitivity of the system to different agents. 
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A further interesting result was that at the level of mitochondria, anaesthetics act in the same 

direction as hypoxia. All three volatile anaesthetics have an effect on both mitochondrial 

potential and [NADH]. Anaesthetics increase [NADH] and depolarize the mitochondrial 

potential. This effect was not exclusive to carotid body cells only, but was also found in HEK 

cells. This effect has also been reported for cardiac myocytes (Hanley et al., 2002) but little is 

known regarding other cell-types. According to previous literature, mitochondria are thought 

to be upstream of TASK channels in the hypoxia transduction cascade (Duchen and Biscoe, 

1992a, b, Buckler and Turner, 2013) and may regulate the activity of TASK channels through 

signalling molecules. The new hypothesis that arose from this work is that volatile 

anaesthetics may have, in addition to their direct activating effect, a second indirect inhibiting 

effect on TASK channel activity, through their effect on mitochondria. How these apparently 

opposing effects interact when the cell is exposed to anaesthetic is unclear although the net 

effect is evidently a depressive one in respect of the glomus cells response to hypoxia. 

In the course of these investigations, I discovered the most intriguing finding that isoflurane 

behaved as a ‘partial agonist’ at the level of a single channel and, consistent with this, 

partially antagonized the effects of halothane (a strong agonist) consistent with competitive 

antagonism. This finding cannot be explained by the lipid perturbation theory of Meyer and 

Overton, but further supports the anaesthetic receptor interaction model. These results 

suggest that anaesthetics may compete with each other for a binding site on the TASK 

channel. 

A promising finding in this thesis for therapeutics is the effect of PK-THPP and A1899 native 

TASK activity. Both agents were able to profoundly reduce the native carotid body channel 
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activity in the nanomolar range, even in the presence of 1.5% isoflurane. The effects of PK-

THPP and A1899 on the carotid body were comparable to that of the classical respiratory 

stimulant doxapram, except that the concentration of both agents was over 100 fold lower 

than that of doxapram. These results therefore highlight the potential use of these agents for 

treating the anaesthetic evoked depression of the AHVR.   

7.1.2 Future work 

 

Three different research questions arise from the findings presented in this thesis:  

1. How do anaesthetics interact (in detail) with TASK channels in order to increase the 

channel activity? 

2. What are the physiological implications of the anaesthetic effects on mitochondria? 

3. Is there a clinical use for the TASK channel antagonists?  

1. Anaesthetic interaction with TASK  

Infra-additivity: Classical receptor pharmacology? 

The most parsimonious explanation for the observed infra-additivity is the explanation of 

halothane and isoflurane competing for a common binding sites on the channel. However, our 

experimental design could not exclude the possibility (however remote) of complex indirect 

effects of volatile anaesthetics via mitochondrial regulation (in particular in the carotid body).  

One way to exclude such indirect effects, especially metabolic or mitochondrial, as 

contributors to an infra-additive effect of anaesthetic mixtures would be by repeating the 
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experiments on TASK channels transiently expressed in HEK cells, but with a mitochondrial 

inhibitor (eg, with FCCP). It is unlikely that such metabolic control exists. Transient 

transfection, resulting in the sudden introduction of vast amounts of TASK channels within a 

short time frame (recording between 24-48 hours post transfection), would unlikely generate 

a proper signalling link between mitochondria and TASK channels. Furthermore, this lab has 

not been able to demonstrate oxygen sensitivity of TASK channels in heterologous 

expression systems. One other way to further examine the infra-additivity is by repeating the 

mix experiment in excised TASK-1 patches. However, attempts to do so have been 

unsuccessful.  

There is one other interesting variation of the classical receptor interaction theory as 

described above. Instead of competing for the same binding site on the TASK channels, 

isoflurane may also bind to an inhibitory binding site on the TASK channel. Chloroform for 

example has previously been reported to activate human TASK-3, whereas it had an 

inhibiting effect on human TASK-1 (Andres-Enguix et al., 2007). Although the net effect of 

isoflurane on TASK-1 is one of activation, it is a possibility that its partial agonist behaviour 

may be explained by binding to both an inhibitory and activating binding site.  

 

Other relevant research questions worth pursuing are: 

A. Do other agents (eg, sevoflurane, IV agents) also demonstrate interactive infra-

additive effects on TASK channels like halothane and isoflurane? 

B. What is the effect (and interaction between) these agents in HEK cells transiently 

transfected with TASK-3 channels or the TASK-1/3 concatemer? 
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C. What are the putative binding sites for volatile anaesthetics on the TASK hetero and 

homodimers.  

 

2. The physiological implications of the anaesthetic effects on mitochondria 

There are several general directions for future research based on the mitochondrial results 

obtained in this thesis. Intravenous anaesthetics like propofol are known to inhibit the 

hypoxic chemoreflex (Nagyova et al., 1995) but relevant studies seem sparse. One report in 

macrophages suggested that propofol in clinical concentrations reduced mitochondrial 

membrane potential but did not influence [NADH] (Wu et al., 2005). The latter finding of an 

absence of effect on [NADH] by propofol has been reported in context of cerebral 

hypoperfusion in rabbits (Wang et al., 2011). Similarly, the actions of the anaesthetic agent 

nitrous oxide (N2O) have been investigated for interactions with mitochondria. N2O has been 

demonstrated to decrease respiration rates in bovine sub-mitochondrial particles (Sowa et al., 

1987) and also Becker et al. (1986) have shown that nitrous oxide decreases mitochondrial 

respiration in certain conditions in cerebral cortex mitochondria. However, recent evidence of 

interaction between nitrous oxide and mitochondria respiration is lacking, which warrants for 

further investigation to establish anaesthetic agent effects on mitochondrial respiration. It is 

not clear if all anaesthetics have similar effects on mitochondrial membrane potential or 

[NADH], but if not, then these mitochondrial processes would unlikely underlie a ‘common 

mechanism of anaesthesia’, but may nonetheless contribute to ways in which anaesthetics 

differ in the way they induce unconsciousness (Pandit, 2014). Furthermore, it may also be 

possible that the decrease in mitochondrial respiration and thus an altered metabolic state 
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may account for some of the side effects of anaesthesia such as the decrease in contractility or 

negative inotropic effects in the heart. 

The suggested interaction of these mitochondrial processes with ROS is interesting, because 

studies performed by Teppema et al. (2002), (2005) have suggested that ROS modulation (by 

pre-treating human volunteers with antioxidants) can prevent or reverse the depressive effects 

of sub-anaesthetic doses on the hypoxic ventilatory response for both halothane and 

isoflurane. It would be interesting to assess if similar pre-treatment or co-treatment with 

agents like vitamins C or E influences the action of anaesthetics on mitochondrial membrane 

potential or [NADH]. 

In relation to theories of narcosis by anaesthetics, although it has been shown that knockouts 

of complex I subunits (Quintana et al., 2012) or mitochondrial diseases (Morgan et al., 2002) 

influence sensitivity to anaesthetic agents in the intact animals or humans, it has not been 

shown that cells from these sources are in fact differently sensitive to anaesthetic effects at 

the mitochondrial level. It would be of interest to compare the mitochondrial membrane 

potential measurements and [NADH] of type-1 cells of mice lacking this gene to my results 

obtained in rats. Similarly, it would be of interest to investigate if the effect of volatile 

anaesthesia on TASK channel activity and hypoxia evoked Ca2+ influx would be in any sense 

altered in type-1 cells of these mice. 
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3. The clinical translation regarding treating the anaesthetic evoked depression of 

ventilation 

Regarding the novel antagonists, it would be of interest to further test the ability of these 

agents to stimulate breathing, for example in the treatment of anaesthetic induced depression 

of the AHVR and post-operative hypoxaemia in general in humans. The key future 

experiment regarding this would be to test the AHVR in mice with and without anaesthetics, 

and the stimulants.  
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• Due  to the volatility  of some  anaesthetic  gases,  it has  been  proved  difficult  to  design  a  system  quantitatively  to  deliver  these  agents  in  stable  concentrations
to in  vitro  preparations.

• We  describe  a reliable  system  for  the  accurate  administration  of volatile  anaesthetics  to cell  and  tissue  samples,  with  minimal  loss  of  vapour  and
consistency  of  anaesthetic  stimulus.

• In contrast  to previously  described  ‘closed’  systems,  our  ‘open’  system  uses  continuous  bubbling  of  anaesthetics  in  the  perfusing  solution  and  continuous
monitoring  of  the  headspace  gas  of above  the  solution  with  infrared  analyses.  GC–MS  measurements  demonstrate  consistent  concentrations  in  our
experimental  tissue  perfusion  bath.
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a  b  s  t  r  a  c  t

Background:  It is difficult  to design  a system  to  reliably  deliver  volatile  anaesthetics  such  as  halothane  or
isoflurane  to  in vitro preparations  such  as  tissues  or cells  cultures:  the very  volatility  of  the drugs  means
that  they  can  rapidly  dissipate  from  even  carefully-prepared  solutions.  Furthermore,  many  experiments
require  the  control  of other  gases  (such  as oxygen  or carbon  dioxide)  which  requires  constant  perfusion.
New  method:  We  describe  a constant  perfusion  system  that is  air-tight  (i.e.,  allows  the  accurate  adminis-
tration  of hypoxic  or  hypercapnic  gas mixtures),  in which  volatile  anaesthetic  is  delivered  via  calibrated
vaporisers  by  constant  bubbling  into  the  perfusing  solution  (and  continuously  monitored  for  stability  by
infrared  spectroscopy  in the  headspace  above  the  solution).
Results:  We  have  confirmed  the accuracy  (i.e.,  linear  relationship  of  dissolved  concentrations  with  vapour
dial settings)  and  stability  (i.e., over  time)  of the  anaesthetic  concentrations  in  solutions  in samples  taken
from  the  bottles  into  which  anaesthetic  is  bubbled,  and  from  samples  taken  from  the tissue  perfusion
bath,  using  gas  chromatrography–mass  spectrometry  (GC–MS).
Conclusions:  It is  possible  to deliver  volatile  anaesthetics  in accurate  concentrations  to  cell/tissue  prepa-
rations  whilst  adjusting  ambient  air composition  rapidly,  stable  over  sustained  time  periods.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In a reductive approach to understanding the mechanism of
action of volatile anaesthetics, it is often necessary to perfuse tis-
sue cultures or single cell preparations with solutions equilibrated
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with these agents and study their responses, such as changes in
intracellular calcium or membrane electrophysiology. Sometimes,
it is further necessary simultaneously to change the background
gas (O2 and CO2) tensions to study the interactions of anaesthetic
with hypoxia/hypercapnia (Pandit and Buckler, 2009; Pandit et al.,
2010) as relevant to many questions in clinical practice (van den
Elsen et al., 1994; Pandit, 2002, 2005).

Handling volatile agents in standard delivery systems (perfusion
‘rigs’) poses several challenges. Their very volatility (boiling points
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∼23–59 ◦C) means that these gases have a tendency to be lost from
solution. Even if it is air-tight, the delivery system needs to ensure
sustained equilibrium between anaesthetic gases in solution with
the gas phase above the solution. This is because the biological
effect of anaesthetics is determined by their partial pressure rather
than absolute content in solution. However air-tight the delivery
system, experimental baths into which the tissue or cells are placed
are impossible to shield completely from the atmosphere and rapid
evaporation can occur if this is not well controlled. Furthermore,
some tissue/cell preparations need to be constantly perfused with
O2 or nutrients to maintain constancy of their environment, or
there is often a need to adjust the prevailing O2 and/or CO2 gas
tensions (e.g., switches between euoxia and hypoxia and/or hyper-
apnia are necessary). These aims are not possible to achieve simply
by immersing the preparation in a fixed volume of pre-prepared
liquid.

To date, it has been proved difficult to design a system that
meets all these requirements in delivering anaesthetics to in vitro
preparations. In a typical set up, the anaesthetics are delivered to
a physiological solution (e.g., Tyrode) with vaporisers to achieve
equilibration. For such a set-up, Franks and Lieb (1993) and Smith
et al. (1981) described a method for estimating the concentra-
tion in solution (in mM)  of anaesthetic delivered from a calibrated
vaporiser (where the delivery of agent is marked in percent, cor-
responding to a partial pressure), using the relevant Bunsen or
Ostwald water/gas partition coefficient for the agent in question.
Following the equilibration by bubbling, the solution is then stored
in bottles or syringes ‘air tight’ from between a couple of minutes to
several hours, to be delivered later to an experimental bath (which
is inevitably exposed to the atmosphere). How this equilibrated
agent is stored and delivered to the biological preparation differs
across published studies. One convenient way of storing the pre-
equilibrated solutions is in Erlenmeyer flasks covered tightly with
parafilm (Sirois et al., 1998). Generally, these methods might be
described as ‘closed’, since their aim is to keep the anaesthetic in
solution closed to the atmosphere until the time of exposure to
experimental tissue.

Despite being ‘closed’, chromatographic measurements of the
samples from the experimental baths using these methods have
revealed a loss of 20–50% compared with what was expected from
calculations based on the dialled concentrations on the vaporisers
(Miu  and Puil, 1989; McDougall et al., 2008). Furthermore, because
the experimental bath is inevitably exposed to the atmosphere,
McDougall et al. (2008) demonstrated that a very variable loss
of agent can arise unless there is a system for continuous perfu-
sion with equilibrated solution. The option of frequent sampling
from the experimental bath solution on a daily basis to confirm
system performance is not only very time consuming, but also
expensive.

In contrast to such ‘closed’ methods of delivery, Conway and
Cotten (2012) described an ‘open’ system. They directly applied gas
vaporised with anaesthetics to the solution perfusing the experi-
mental bath, and monitored the gas phase of the anaesthetics in
the head space above the bath by continuous infrared analyses. A
similar set-up was also described by Jinks et al. (2005). However,
these systems did not allow for control of the gas composition (O2
and CO2) perfusing the tissue.

In this paper we describe an extension to Conway et al.’s and
Jinks et al.’s systems, which can both be described as ‘open’ in the
sense there is continuous administration of anaesthetic to solution
rather than prior storage of agent. Yet, our system is also ‘closed’
in the sense of being air-tight, as one additional aim is to maintain
conditions that enable us to administer near-anoxic stimuli to the
cells of interest, so that it is suitable for work with cells like carotid
body glomus cells that are oxygen-sensing. Here we describe the
new system and its performance in achieving these aims.

Fig. 1. (A) Delivery system. From cylinders (G) carrier gas passes through rotame-
ters (R) into vaporisers (V); which can be on or off (halothane and isoflurane shown
as examples). When the vaporiser is off, all gas bypasses the anaesthetic. From the
vaporiser outlet, the anaesthetic–gas mixture passes through narrow-bore plastic
tubing to a gas dispersion tube immersed in a glass bottle. A second, narrow bore
metal aspiration tube aspirates solution for delivery to the experimental bath. Note
also the use of an infrared gas analyser for continuous anaesthetic vapour analy-
sis  of the headspace above the solution in the bottle. The flow of solution in the
system, from the bottle to the waste, is driven by a peristaltic pump. (B) Details of
the  rapid switching mechanism to the experimental bath. The solution of interest
always runs through the central channel (to bath). In panel (i), the cells in the bath
are being bathed in experimental solution, the alternative solution passed to waste.
Mechanically switching the inflow, panel (ii) allows a rapid change to a different
milieu with a total volume change occurring in <10 s.

2. Methods

2.1. Perfusion system

The cell perfusion system is shown in Fig. 1. Gas is delivered
from compressed gas cylinders connected through air flow regu-
lators and rotameters via narrow-bore plastic tubing to vaporisers
containing anaesthetic. The gas cylinders (British Oxygen Company,
Surrey, UK) can contain air, N2, O2, and CO2 in various concen-
trations of hypoxic mixtures (we commonly use N2 in 5% CO2 or
1% O2 with 5% CO2), or hypercapnic mixtures of air with vari-
ous concentrations of CO2 (20% being common). The typical flow
rate of gas delivery to the vaporisers is 200–500 ml/min, mea-
sured via calibrated rotameters. From the vaporiser outlet the
anaesthetic-gas mixture passes through narrow-bore flexible nylon
tubing (BS5409) tubing to a plastic costar pipet gas dispersion tube
(Corning, New York, USA) immersed in a glass bottle (volumes of
0.2–2 l are used, as needed) containing the experimental salt solu-
tion (Tyrode, in mM:  117 NaCl, 4.5 KCl, 1 MgCl2, 23 NaHCO3, 11
glucose). The bottles are capped with a plastic lid (Schott Duran,
Wertheim, Main, Germany), into which are punched two holes: one
large hole to allow passage of the gas dispersion tube, and one small
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hole to allow passage of the narrow bore metal aspiration tube (see
below) that aspirates the solution into the delivery system for per-
fusion to the experimental bath. This small hole also allows passage
of a fine plastic connector tube leading to the infrared gas analyser
(Capnomac Ultima, Helsinki, Finland) for continuous anaesthetic
vapour analysis of the headspace above the solution in the bot-
tle. This analyser was checked and calibrated with readings from a
mass spectrometer (Airspec 3000, Airspec Ltd, Biggin Hill, UK; not
used continuously during this experiment), in turn calibrated with
standard agents as calibration gases.

The bottles are placed in a water bath heated to ∼38 ◦C to achieve
a temperature of 37 ◦C in the experimental bath. The gas from
the vaporiser bubbles continuously into the bottle throughout the
experimental period, with sufficient time for equilibration before
the start of any experimental recordings, as confirmed by attain-
ment of the desired, stable value on infrared capnography. Both
Millman and Young (1992) and Becker et al. (2012) have shown
that equilibration is reliably achieved after ∼10 min  across a range
of anaesthetic concentrations.

To deliver the solution from the bottle to the experimental bath,
a stainless steel (medical grade) aspiration tube is placed into the
solution of the glass bottle via a small hole in the cap (see above).
The delivery to the experimental bath is by gravity through stainless
steel tubing and short sections of Pharmed (Akron, USA) tubing
(flow 6–7 ml/min). The solution is then aspirated from the bath
using a peristaltic pump as a vacuum source. It is possible to make
a switch from one experimental solution (e.g., air) to another (e.g.,
air with anaesthetic) using a two-way tap (constructed of PTFE and
nylon) connected to the bath entry, which is operated by a lever
(Fig. 1B). Switching the tap results in rapid change of solution within
<1 s. The solution exits the experimental bath and passes through
compressors of a peristaltic pump. The experimental batch is itself
moulded from Perspex in-house, in its centre being a depression
(volume 100 !l) in which sits the coverslip containing the cells or
tissue sample. Its base is clear glass, allowing focussing of the cells
using an inverted microscope.

2.1.1. Assessment of delivery of anoxic gas mixture
We first assessed the air-tightness of our system by measuring

O2 levels in the experimental bath. The rationale was that if air tight,
then little or no O2 would enter the perfusion system if an anoxic
(i.e., pure N2) mixture was delivered. The O2 levels were measured
with an optical O2 sensor (Presence, Regensburg, Germany) equil-
ibrated with a normoxic and anoxic gas resulting in a two-point
calibration. The normoxic gas used was 5% CO2 in 95% air and the
anoxic equilibration gas used was 5% CO2 in 95% N2, with the addi-
tion of 250 !M Na2S2O2 (sodium dithionide), which reacts with and
so consumes all the remaining O2 in the solution, so that an anoxic
solution is ensured for calibration. We  then used two  test gas mix-
tures: severe ‘hypoxia’ 0% (5% CO2 in 95% N2) and ‘mild’ hypoxia 1%
(1% O2, 5% CO2, 94% N2).

2.1.2. Sampling for chromatography measurements of
anaesthetic in solution

Samples were taken from two sites in the apparatus (Fig. 1).
The solution from (a) the bottle into which anaesthetic was  bub-
bled and (b) from the experimental bath was carefully but rapidly
drawn up using a 2 ml  syringes and then swiftly placed into 2 ml
autosampler vials (Finneran Associates, Vineland, USA) until a con-
vex meniscus was formed. The cap was attached immediately
excluding any air contamination. The vials were then analysed in
batches. We  separately confirmed using repeated measurements
of the same sample over 24 h that there was no loss of anaesthetic
from the autosampler vials, verifying that measurement in batches
was appropriate.

2.2. GC–MS measurements

GC–MS analysis was  performed using an Agilent 7200
Quadrupole Time-of-Flight mass spectrometer, coupled directly to
an Agilent 7890B Gas chromatograph and an Agilent GC Sampler
120 autosampler (Agilent, Stockport, UK). Standards were prepared
in a non-polar solvent so as to exploit the high oil:gas partition
coefficients of halothane and isoflurane (224 and 98, respectively).
Toluene (analytical grade, Fisher, Loughborough, UK) was  chosen
as it has a higher boiling point (111 ◦C) than either halothane or
isoflurane (50 and 48 ◦C, respectively) and would elute after the
analytes when using standard gas chromatography techniques.

The autosampler was equipped with a 10 !l syringe and its oper-
ation was  carefully designed to minimise outgassing of analytes.
Prior to injection, the syringe was  flushed once with toluene then
three times with water. The syringe was then cleaned with the sam-
ple twice (10 !l of sample was withdrawn and dispensed to waste).
The syringe filling speed was  set to 0.5 !l/s and sample was drawn
up and ejected three times before injecting 10 !l of the sample. Fol-
lowing injection, the syringe was flushed three times with toluene
and three times with water.

The gas chromatograph was equipped with a HP-5 column
(30 m,  0.25 mm  ID, 0.25 !m film thickness, Agilent, Stockport, UK),
the carrier gas was  helium (BOC, Slough, UK) and the flow rate was
1.2 ml/min. The inlet was set to 300 ◦C with a split ratio of 100:1. The
oven was held at 40 ◦C for three minutes then ramped at 100 ◦C/min
to 240 ◦C and held for 2 min. The transfer line was maintained at
300 ◦C.

The mass spectrometer was  operated in electron ionisation (EI)
mode with a source temperature 230 ◦C and electron energy of
70 eV. Mass spectra were collected between 50 and 500 m/z  and
ionisation was  disabled after 3.7 min  (after all analytes had eluted
but before the toluene eluted).

MassHunter software (Agilent, Stockport, UK) was used for
instrument control and data analysis. Responses for each analyte
were determined using the area of peaks seen in the total ion count
(TIC) mass chromatograms. Identities of analyte peaks were con-
firmed using comparison to the NIST mass spectral library (National
Institute of Standards and Technology, Gaithersburg, MD,  USA).

3. Results

3.1.1. Assessment of delivery of anoxic gas mixture

When a mild hypoxic gas mixture (1% O2 bubbled; predicted
pO2 in experimental bath 7.6 mmHg) was delivered, the elec-
trode placed in the experimental bath measured 10.6 mmHg. When
severe hypoxia (5% CO2 in 95% N2) was  used, the electrode mea-
sured 3 mmHg. These results confirmed that the apparatus was
air-tight with negligible ingress of O2 from the atmosphere. Fur-
thermore, since we sampled directly from the experimental bath,
this also indicated that our flow rates were appropriate and
maintained the hypoxia. Furthermore, switches into and out of
anoxia/hypoxia were rapid, with the new equilibrium achieved
within 3 s (Fig. 2).

3.2. Anaesthetic sampling

Fig. 3 shows that the rate of rise of anaesthetic for each agent
in the headspace was rapid and reached equilibrium after just
a minute, and remained stable thereafter for >40 min that were
tested. Few experimental periods last longer than this.

Whereas anaesthetic concentrations were stable for as long as
vapour was  bubbled and the system was in equilibrium, some-
times protocols require long interruptions to anaesthetic exposure



90 N. Huskens et al. / Journal of Neuroscience Methods 258 (2016) 87–93

Fig. 2. Delivery of anoxic gas mixture. Estimates of pO2 in solution in the experi-
mental bath against delivered O2 concentration. The first gas input (SDT) is severe
hypoxia (95% N2, 5% CO2) with sodium dithionite, which elicited 0 mmHg. Note the
rapid fall and equilibration of hypoxic gas mixtures.

followed by re-exposure. The solution could be bubbled continu-
ously with vapour when not in use, but this wasteful of anaesthetic.
Therefore we also assessed the time course for washout of agent
from solution (headspace) in two protocols after equilibration as
described above. First, we turned the vapourisers off but allowed
agent-free gas to bubble into solution. Fig. 4A shows that vapour
loss from headspace was very rapid with a half-time of ∼50 s
regardless of agent or initial concentration. Second, we  turned off
both vapour and bubbling; we did not seal the bottle air-tight but
allowed natural leakage from the small holes in its stopper. We
measured headspace gas at 15 min  intervals and Fig. 4B shows that
under these conditions washout was very slow (Fig. 4B), suggesting
that re-equilibration in re-introducing anaesthetic would be faster
with this method.

Fig. 5 shows the results of sampling for the two  anaesthetic
agents from the bottle, and Fig. 6 shows the results for sampling
from the experimental bath. It is clear that for both agents there is
a strong linear relationship between the vaporisation rate on the
vaporiser and the concentration (parts-per-million, ppm) obtained
in solution, across a very wide range of concentrations (r2 range
0.93–0.98). These relationships were found for both sampling from
the bottle and the experimental bath. Exact equations were calcu-
lated (see figure legends), but approximately the relationship for
our apparatus in the experimental bath is ∼5 ppm per % vapour,
regardless of agent. The variation in results was  highest at the
higher concentrations, perhaps indicating the influence of sampling
error at these higher doses.

Fig. 7 shows that there was  no consistent loss of agent across
a wide range of concentrations between bottle and perfusion bath
for both agents. Statistically this was  assessed using factorial anal-
ysis of variance, where the difference in concentration of agent
between bottle and bath was the ‘response’ and there were two
factors: ‘agent’ (two levels, one for each anaesthetic) and ‘dose’
(five levels, one for each concentration). None of the iterations of
‘dose’, ‘agent’ or the interactive term were significant (p > 0.127),
confirming no consistent difference between bottle and bath con-
centrations either across concentrations or between agents.

We conducted additional experiments in which we  bubbled
mixtures of agent into solution by placing the vaporisers in series.
Anaesthetic mixtures are sometimes used to confirm the additive
interactions of agents on cell functions (Hendrickx et al., 2008)
but infra-red analysers are unable accurately to measure a mix  of
agents. We assessed the behaviour of the system in three ways.
First, employing three-way taps in the gas lines connecting the
vaporisers, we  used infra-red analysis to measure continuously the
output of each vaporiser separately. This confirmed that dialled
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Fig. 3. Representative results of the rate of rise of anaesthetic in headspace gas for 1% of each agent. Recording was  taken every 10 s from the infra-red analyser. Measurements
were  made using 200 ml  Tyrode at ∼38 ◦C and similar results (not shown) were obtained for 2% and 4% concentrations of each agent.

Fig. 4. Washout of agent when anaesthetic bubbling stopped. (A) Time course of loss of headspace vapour when anaesthetic turned off but agent-free bubbling continued.
Initial  concentrations of 2% and 1% are shown for halothane (red) and isoflurane (purple). For clarity, fitted lines only shown, rather than individual data points. (B) Time
course  of loss of headspace vapour when both anaesthetic and bubbling turned off (starting concentrations 1% for both agents). Note the much longer timescale on x-axis.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



N. Huskens et al. / Journal of Neuroscience Methods 258 (2016) 87–93 91

Fig. 5. Sampling from bottle for anaesthetics. Panel A: isoflurane; panel B, halothane. Each panel is a plot of anaesthetic concentration measured by GC–MS  (ppm) versus %
anaesthetic in headspace gas. Each point is the mean of 5–8 samples ± SEM and line fitted by least squares linear regression. For isoflurane, the equation is: PPM = 6.0 × %
headspace gas (r2 = 0.98). For halothane, the equation is: PPM = 4.8 × % headspace gas (r2 = 0.93).

Fig. 6. Sampling from experimental bath for anaesthetics. Panel A: isoflurane; panel B, halothane. Each panel is a plot of anaesthetic concentration measured by LGC (ppm) versus
%  anaesthetic in headspace gas. Each point is the mean of 5–8 samples ± SEM and line fitted by least squares linear regression. For isoflurane, the equation is: PPM = 4.9 × %
headspace gas (r2 = 0.96). For halothane, the equation is: PPM = 4.8 × % headspace gas (r2 = 0.96).

Fig. 7. Plot of the absolute difference in measured concentration of anaesthetic between bottle and experimental bath. Panel A: isoflurane; panel B, halothane. Each panel is a
plot  of the difference in concentration (same scale as Figs 2 and 3) measured by GC–MS for bottle minus bath vs % anaesthetic in headspace gas. A positive value indicates
the  bottle measurement is higher than the bath (and thus potential loss of agent); a negative value indicates the bath measurement is higher than the bottle (and since
anaesthetic cannot have been ‘gained’, is an index of inherent experimental sampling or measurement error). Each point is the mean of 5–8 samples ± SEM.

concentrations of the proximal vaporiser were not influenced by
the presence of a second, distal vaporiser turned on and in series
with the first (i.e., no unanticipated back-pressure effects). We  used
infra-red analysis to confirm that the output of the second, distal
vaporiser was not influenced by turning on an empty, proximal
vaporiser (i.e., no forward-pressure effects). Second, we used the
mass spectrometer (which can separately detect and quantify dif-
ferent agents in a mixture) to confirm that concentrations in the
headspace in the mixture were the same as dialled on the vaporisers
when mixtures of agent were used, across a range of concentrations.
Third, we performed GC–MS measurements as described above,
taking samples from the bottle. Fig. 8 confirms that agents dis-
solve in solution in mixtures, as expected from their individual
behaviour.

Finally we tested for the presence of thymol in halothane sam-
ples but none was detected in any of the samples using GC–MS
(with an accuracy of <1parts per billion; ppb).

4. Discussion

We have described that our system for the ‘open’ and continuous
perfusion with volatile anaesthetic of cells/tissue in our experi-
mental bath achieves stable and reliable concentrations of agents
in solution. We have confirmed this for halothane and isoflurane,
but there is no reason to suppose that other agents would be dif-
ferently affected. Importantly, agent concentrations in solution, in
the perfusion bath where the cells are bathed, are linearly related
to vaporiser dialled concentrations, and with very little variation
across a wide range of concentrations (Figs. 5 and 6).

One limitation is that our method only yields anaesthetic con-
centrations in the clinically relevant range, the limits set by the
range of the vaporisers. It also requires that the outputs of the
vaporisers are calibrated for gas flow and/or that outputs are con-
tinuously measured (e.g., by infrared gas analysis) since vaporiser
outputs are sensitive to flow through them. An additional limit is set
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the reader is referred to the web  version of this article.)

by the published accuracy range of the infra-red analyser (which for
the type we used is 0–5% for each agent). If anaesthetic concentra-
tions outside the vaporiser/analyser range need to be studied, then
there is little alternative other than to premix agents in a ‘closed’
system. However, we are not aware of such techniques being used
in combination with the effects of changes in gas composition.

The variation in measured concentrations in solution from ideal
(Fig. 7) were more likely be due to our methods of sampling than
any shortcomings within the apparatus, because for some concen-
trations, the bath concentrations were actually slightly higher than
in the bottle. It is difficult to sample from this small bath (volume
100 !l). Or, it could represent some inevitable diffusion of vapour
from the system. These minor variations were not so large as sig-
nificantly to influence the linear relationship between desired and
actual concentrations (Figs. 5 and 6). It is this linear relationship
that is all-important when constructing concentration–response
curves to demonstrate drug effects. Indeed, sampling error is a more
plausible explanation for this variation as our system is clearly
extremely air-tight, because near-anoxic conditions were main-
tained in the perfusion dish when O2-free gas (‘severe’ hypoxia) was
used. Adsorptive loss to Teflon or metal tubing has been previously
demonstrated not to occur (Herchl, 1970; Suzuki et al., 2005).

We continuously also monitored the concentrations of anaes-
thetic vapour from the headspace gas above the solution in the
bottle, and our verification of the accuracy by GC–MS confirms
that therefore, this should be a generally sufficient method of
monitoring the input vapour concentrations. Repeated GC–MS
measurements are laborious, expensive and clearly unnecessary
for our system (although intermittent verification is probably rec-
ommended, especially if the apparatus components are refined or
renewed). In many experiments involving anaesthetics, it is more
important to describe the overall concentration-effect relation-
ships for the cell preparation in question, than it is to ascertain
a given effect at an exact anaesthetic concentration. Only if the lat-
ter is essential will it be necessary to perform GC–MS on a very
frequent basis.

Although we generally perform studies with continuous bub-
bling of vapour, other experiments might necessitate intermittent
interruptions to perfusion by agent (e.g., anaesthetic exposure

pre- or post-conditioning to assess hypoxia/reperfusion injury).
Our data for washout suggest that anaesthetic concentration will be
better retained–for less than ∼30 min—if bubbling is stopped dur-
ing this period, facilitating more rapid re-equilibration (Fig. 4A). If
bubbling is continued without vapour, even for less than a minute,
loss of agent is very rapid (Fig. 4B).

In terms of the absolute value (in ppm or !M)  of anaesthetic
concentration in solution for a given percentage vaporiser concen-
tration, a very wide range indeed has been reported in the literature.
We measured (in ppm) ∼50–150 !M in solution for ∼1–3% anaes-
thetic in the vapour phase (for both agents), which is a slightly
wider range, starting at a lower concentration, than that reported
by McDougall et al. (2008) of ∼100–180 !M for similar vapour con-
centrations, and close to the ranges reported by Miu  and Puil (1989),
who noted that measured concentrations were in fact less than half
the value of those predicted by calculated partition coefficients.
However, all these values are approximately half as much again as
those reported by Becker et al. (2012), and a factor of nine times less
than found by Roch et al. (2006) and by Pancrazio (1996). We can-
not explain these large disparities, except to suggest that they may
all be related to the precise composition of solutions used in the
respective studies and their solubility for anaesthetics, or sampling
error, or vapour loss, or a combination of all of these. In our study,
we would expect the intrinsic vapour loss to be greatest between
the bottle and the experimental dish, and we  would also expect
sampling error to be greatest for sampling from the dish, yet these
losses were trivial (Fig. 7). Therefore, we are minded to conclude
that the data represent the true solubility of the specific Tyrode
solution composition we employed.

We  also note that the biological action of volatile anaesthet-
ics is regarded as driven by their partial pressure, and not their
dissolved content. Thus by way of a ‘bioassay’ we  have previ-
ously reported the potent inhibition (through an effect on TASK
channels) of the intracellular calcium response in carotid body glo-
mus  cells to hypoxia at halothane vapour concentrations of ∼1.5%,
becoming maximal at ∼3% (Pandit and Buckler, 2009), which we
estimate to be ∼150–300 !M in our solution. Similarly, Sirois et al.
(2000) reported near-maximal effects TASK-channel K+ currents at
identical partial pressures, although they had employed a ‘closed’
system of prior dissolution of halothane in air-tight flasks, at higher
absolute dissolved concentrations of ∼500 !M (Sirois et al., 2000).
Our open system therefore resembles how volatile anaesthetics
are administered in clinical practice to tissues of the body: the
bottle into which agent is first bubbled represents the ‘lungs’
(Fig. 1), and the remainder of the system (the solution, the tub-
ing, the pump) represents the blood, cardiovascular system and
heart, respectively, delivering agent to tissues. Thus, the biological
effects upon tissues we  examine would not theoretically be influ-
enced by replacing our Tyrode solution with, say, blood even though
the absolute anaesthetic carrying capacity of the latter would be
much larger.

Finally, we  note the complete absence of thymol in solution
when halothane is vaporised into it. Thymol is added to halothane
at a concentration of 0.01% as a stabiliser and preservative. When
the vaporisers are not drained as advised every week, thymol can
accumulate (Rosenberg and Alila, 1984). It has been suggested that
thymol may  be an active ingredient in some of the properties of
halothane since it was  found to influence GABA-A receptor activity
in mouse cortical neurons (Garcia et al., 2006) and decreases the L-
type Ca2+ and potassium current in canine cardiomyocytes (Magyar
et al., 2002). We  can now robustly conclude that these results are
purely a function of applying halothane mixtures directly to cell
preparations in vitro. When halothane is vaporised using conven-
tional equipment, there is simply no vaporisation of thymol. We
believe therefore, that this is one additional advantage of our exper-
imental system, in that it avoids the potential confounder that, if



N. Huskens et al. / Journal of Neuroscience Methods 258 (2016) 87–93 93

premixed solutions of halothane are used, the thymol effects that
others have reported may  be seen.

In summary, we report a reliable system for the accurate admin-
istration of volatile anaesthetics to cell and tissue samples, with
minimal loss of vapour and consistency of anaesthetic stimulus.
Furthermore, our system is air tight such that extremely low levels
of hypoxia can be co-administered. Finally, rapid switches into and
out of hypoxia/euoxia and/or from one agent to another or to no
agent can be achieved.
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	1.1  Structure
	This thesis focuses on how volatile anaesthetics act on oxygen sensing cells in the carotid body. The main aim is to gain further insight into how these anaesthetics act on, and interfere with, different mechanisms in the carotid body that are involve...
	This introduction is divided into three main sections:
	The first section addresses the clinical background regarding the use of volatile anaesthesia during surgery and introduces the volatile anaesthetics to be researched. There will also be an overview of how our understanding of the mechanism of action ...
	The second section focuses on the carotid body anatomy and discusses the excitation in response to hypoxia. These are the events that are well established and agreed upon in the literature. The second section will also elaborate on the different hypot...
	The third section will review the characteristics of the 2 pore K+ channel (K2P) family and will elaborate in further detail on the TASK channels in the carotid body. The section finishes with an overview of what is known about the interaction between...
	The introduction will end with further explanation and justification for the experimental chapters in this thesis, together with the detailed aims for this chapter.

	1.2 Volatile anaesthesia and hypoxia
	1.2.1 The use of volatile anaesthetics during surgery
	Modern surgery would be impossible to conduct without general anaesthesia. As Franks wrote: ‘Every year, tens of millions of patients are exposed to general anaesthetics, drugs that remove the most precious human attribute - consciousness’ (Franks, 20...
	Nowadays, there are a number of different categories of anaesthesia available with quite some choice within each category. The mixture and type of anaesthetic can be adapted to the intended surgery and to the clinical, physiological and pathological c...
	The first inhalational anaesthetics were ether and chloroform. Ether is an airway irritant and also highly flammable, and is notorious for having caused fire in a significant number of procedures. Similarly, chloroform turned out to be very toxic and ...
	Later studies in the 1960s and 70s identified halogenated methyl ethyl ethers amongst which were enflurane, isoflurane, sevoflurane and desflurane (Terrell, 2008). Isoflurane is a l-chloro-2,2,2-trifluoroethyl difluoromethyl ether that was discovered ...
	Sevoflurane (fluoromethyl 2,2,2-trifluoro-1-(trifluoromethyl) ethyl ether) is also a frequently used anaesthetic in the UK. Sevoflurane was first synthesized in 1968 and its potential use was published in 1971 (Wallin R.F., 1971, Smith et al., 1996). ...
	Figure 1.1: Molecular structure of halothane isoflurane and sevoflurane.
	Table 1.1: Basic properties of halothane, isoflurane and sevoflurane. Table based on (Nathanson 1996), (Bovill, 2008), (Evers et al., 2011) *Human MAC in this table is defined as: the minimum alveolar concentration of an anaesthetic at one atmosphere ...
	Characteristic of volatile agents like halothane, isoflurane and sevoflurane is their ability to rapidly induce loss of consciousness. On their own however, these agents lack sufficient pain relief and therefore an analgesic, such as an opioid, is com...
	The most recent survey conducted in the UK (NAP5) regarding the use of anaesthetics found that, for most adult patients, loss of consciousness is induced by an intravenous agent, (propofol in 88% of UK cases) after which it is switched to a vapour age...

	1.2.2 The development of our understanding of the mechanism of action of volatile anaesthetics
	One of the first inhalational anaesthetics to be described and administered was diethyl-ether and nitrous oxide, with reports and letters describing these agents dating centuries back. Ether was mentioned by Paracelsus in 1500s and later in 1729 by Fr...
	Following the publications indicating the use of these agents for surgery, the research on the mechanism of action of general anaesthesia really started. Von Bibra was the first, proposing a mechanism of anaesthetic action in 1847. He hypothesised tha...
	Within two years of each other Meyer and Overton published independently (1899 and 1901) a theory inspired by the work from Von Bibra, which then became known as the Meyer and Overton theory of anaesthesia. This theory is based on the fact that the mo...
	However, this slowly changed when certain limitations of this theory came to light (Franks and Lieb, 1982). Franks and Lieb in the 80s were testing a novel hypothesis, suggesting that anaesthetics act on proteins. Franks showed that the activity of th...
	In 1988 Franks and Lieb first identified a novel anaesthetic-activated K+ current in the pond snail (lymnea stagnalis), which it later turned out was mediated by K2P channels (Franks and Lieb, 1988, 1991, Andres-Enguix et al., 2007). Thus the link bet...
	Another piece of evidence against the lipid-pertubation hypothesis was also provided by Franks and Lieb in 1991. The authors demonstrated stereo-selective effects of the optical isomers of isoflurane on neuronal ion channels (Franks and Lieb, 1991). T...
	To date, there are many channels identified that are modulated by anaesthesia. Examples include: Na+, K+, Ca2+, GABA type a receptors, glycine and NMDA receptors. The most important channels seem to be GABA type a receptors, NMDA receptors and K2P cha...
	Anaesthetics are also believed to have effects that extend beyond membrane channels. There are reports showing that anaesthetics act on mitochondrial respiration and cause a slowdown of the electron transport chain (Hanley et al., 2002, Morgan et al.,...
	Although more and more targets of anaesthesia are being identified, it is not clear which of these mechanisms is truly responsible for hypnotic effects, immobility, analgesia and unconsciousness. A current popular hypothesis is the ‘multisite hypothes...

	1.2.3 Hypoxia in the peri-operative environment
	During surgery involving anaesthesia, one of the biggest risks is hypoxia, which is the main cause of anaesthetic-related death and morbidity (Craig, 1981, Ward et al., 2011). Hypoxia is a term referring to a state in which the body does not receive e...
	Hypoxia normally elicits a carotid body-mediated acute hypoxia ventilatory response (AHVR), which results in an increased minute ventilation and increased oxygen delivery to the lungs, and so mitigates against severe hypoxaemia. The AHVR is mediated b...
	Volatile anaesthetic agents are known to interfere with the body’s physiological response to hypoxia and can prevent an adequate increase in ventilation in response to hypoxia (Gelb and Knill, 1978, Knill and Gelb, 1982, Temp et al., 1994, Froese, 201...
	Studies have provided an interesting observation when measuring the depression of the ventilatory response by volatile anaesthetics. This depression exhibits a specific order of potency which is halothane > isoflurane > sevoflurane (Dahan et al., 1994...
	It is apposite here to review the chemical reflex control of breathing. Under normal circumstances in the body, breathing is a product of firing of semi-autonomous neural networks, called the central pattern generators. There is an important role for ...


	1.3 Carotid body anatomy and excitation
	1.3.1 Anatomy
	The carotid body is the principal arterial chemo-sensor for O2, CO2 and pH and is involved in the regulation of ventilation (Biscoe, 1971). The carotid body is perhaps the smallest organ in the human body and is located on both sides of the neck, at t...
	Type-2 cells are thought to be supporting cells and usually represent less than 20% of the total cells within the carotid body (Kumar and Prabhakar, 2012). The major difference between type-1 and -2 cells is regarding their excitability. Type-2 cells ...
	In rats it is estimated that there are 120,000 type-1 cells each having a size of 8-15(m, whereas type-2 cells are thought to be 6(m (Urena et al., 1989). The type-1 cell is thought to be the major oxygen pH sensitive cell (Verna, 1979, Kumar and Prab...

	1.3.2 Overview of hypoxia evoked events in carotid body
	A decrease in arterial PO2 from 100–80 mmHg is enough to evoke afferent nerve activation in the carotid body (Biscoe et al., 1970, Prabhakar, 2006). In response to hypoxia the following events occur: The activity of K+ channels setting the resting mem...
	There are a wide variety of neurotransmitters released by the carotid body. Research in animals has shown that amongst them are: acetylcholine, ATP, dopamine, noradrenaline, and serotonin (Rigual et al., 1984, Gonzalez et al., 1994, Rong et al., 2003,...
	The resting potential of the type-1 cell is believed to be between -48 and -60mV (Buckler and Vaughan-Jones, 1994, Buckler, 2012). Ca2+ channels become active at a voltage more positive than -50mV (Buckler and Vaughan-Jones, 1994). The rise of Ca2+ in...
	Other channels in the rat carotid body are voltage-gated (delayed rectifier) K+ channels (Kv), voltage-gated Na+ channels and large conductance Ca2+-activated K+ channels (maxi K channels or BKCa) (Buckler, 2015). Interesting are the BKCa channels, wh...

	1.3.3 Oxygen sensing mechanisms and hypotheses
	Although there is agreement about the decrease in K+ channel activity (such as TASK channels) and a rise of intracellular Ca2+ in response to hypoxia, there is uncertainty regarding how O2 levels are sensed in order to decrease the K+ channel activity...
	The first question that arises is whether or not the carotid body K+ channels are the oxygen sensing channels themselves, or whether the channel is regulated by another oxygen sensor. One way to test whether the TASK channel itself is oxygen sensitive...
	A second oxygen sensing hypothesis postulates that the carotid body contains a source oxygen sensor. This sensor is capable of regulating TASK channel activity directly or indirectly through signal molecules or second messengers, which in turn can reg...
	Mitochondria in the carotid body are a convincing candidate for being the source oxygen sensor. Research suggests that the respiratory function of the mitochondria alters over the physiologically relevant PO2 range, which is in contrast to the mitocho...
	A number of metabolites that could potentially regulate TASK channels are ATP, Mg-ATP or AMP-activated protein kinase (AMPK) (Varas et al., 2007, Peers et al., 2010, Buckler, 2015). Some evidence in favour of this is that the rapid decline of TASK cha...
	AMPK is an enzyme sensing a change in AMP/ATP ratio and upon activation can change cell metabolism. Evidence in favour of an important role for AMPK as a modulator is provided by Wyatt et al, who showed that AMPK activation by 5-Aminoimidazole-4-carbo...
	Other potential TASK channel modulators may be reactive oxygen species (ROS) as produced by nicotinamide adenine dinucleotide phosphate (NADPH) oxidases or mitochondria (Brunelle et al., 2005, Waypa et al., 2006). One theory is that a change in availa...
	A recent study by Bernardini et al found that, depending on the breeding conditions of mice, the ROS level in carotid bodies in response to hypoxia either decreased or increased and that there was no clear consistency. However, inhibitors of a NADPH o...
	There are a few gaseous signalling molecules that have been extensively investigated with respect to oxygen sensing in the carotid body such as carbon monoxide (CO), nitric oxide (NO) and hydrogen sulphide (H2S) (Lewis et al., 2002, Otsubo et al., 200...
	Another pathway that may play a role in regulating TASK channel activity is by mediation of Gaq proteins or one of its downstream signalling molecules such as Phospholipase C (PLC) and phosphatidylinositol 4,5-bisphosphate (PIP2). Studies from two dif...


	1.4 K2P channels
	1.4.1 Structure, characteristics and gating of K2P channels
	TASK channels belong to the two-pore potassium (K2P) channels. In mammals 15 genes are identified as KCNK genes encoding the K2P channels, which are expressed in a variety of tissues such as the brain, heart, lung, kidney and carotid body (Goldstein e...
	On the basis of sequence homology, eukaryotic K2P channels have been subdivided into six subgroups (Goldstein et al., 2001, Renigunta et al., 2015):
	1. TWIK channels - weakly inwardly rectifying   2. TREK channels - lipid and mechano sensitive  3. TASK channels - acid pH-sensitive  4. TALK channels - alkaline pH-activated  5. THIK channels - halothane-inhibited   6. TRESK channels - spinal cord
	K2P channels are background channels, active around and/or involved in setting the cell’s resting membrane potential. These channels are also called ‘open rectifiers’, which refers to the characteristic that their current-to-voltage relation can often...
	The structure and gating of most K2P channels is not fully elucidated, because to date the structure remains unresolved for most channels. Over the past few years however, more insight has been gained as the first structures have been solved and detai...
	Figure 1.1: General structure of K2P channel. This channel comprises of four transmembrane domains (M1-4), two pore-forming domains (P1 and P2) and two extracellular cap helices (C1 and C2). Picture based on (Renigunta et al., 2015).
	The existence of this cap above the selectivity filter of the channel may explain why the channel is resistant to some classical K+ channel inhibitors such as  tetraethylammonium (TEA) and 4-aminopyridine  (4-AP) (Steinberg et al., 2014). The two subu...
	This swapping has also been confirmed in a recent paper describing the structure of TREK-2 (Dong et al., 2015). This study provided further insight into the structure and gating of K2P channels and described that gating occurs primarily within the sel...
	In most other K+ channels there are two different established gating mechanisms. There is an activation gate at the intracellular entrance and a distant slow activation at the selectivity filter close to the extra cellular site  (Mathie et al., 2010)....

	1.4.2 Properties of TASK channels
	The members of the K2P channel group that are expressed in the carotid body and hence the channels of interest in this thesis, are the TASK channels. The TASK channel (TASK-1) was first described and cloned in 1997 by Duprat et al. (1997) who named th...
	In their conclusion, the authors compared the characteristics of these channels with some of the currents previously described in other tissues. Among them, was the current reported earlier that year in 1997 by Buckler, who described a novel O2 sensit...
	In 2000 the TASK-3 channel was first cloned by Rajan et al. (2000). The authors reported that TASK-3 was especially highly expressed in the brain and that TASK-3, just like TASK-1 was pH sensitive. The TASK-3 sequence homology with TASK-1 is 62%. The ...
	In 2002, Czirjak and Enyedi found that co-expression of both TASK-1 and TASK-3 in Xenopus oocytes resulted in a current with intermediate features to those seen with either channel expressed alone. The authors also showed that pH inhibition of a TASK-...
	Williams and Buckler (2004) continued further investigation on the TASK-like channel and current in the carotid body and found that the properties do not closely match either TASK-1 or TASK-3, raising the possibility that hetero dimerization may take ...
	In the same year, Kim further researched the question of hetero-dimerization (Kang et al., 2004). The authors chose cerebellar granule neurones because this tissue was known to express both TASK-1 and -3 mRNA and as such they could compare sensitiviti...
	To summarize, for the carotid bodies in rats and mice, it is currently accepted that TASK-1, TASK-3 and TASK-1/3 heterodimer are expressed and have a predominant role in the oxygen sensing cascade. In particular the heterodimer TASK-1/3 is thought to ...
	In general, cloned and native TASK channels appear to be inhibited by barium, quinidine, anandamide and methanandamide, (Buckler et al., 2000, Veale et al., 2007, Kim et al., 2009a, Enyedi and Czirjak, 2010). TASK-3 is inhibited by ruthenium and Zn2+ ...
	Figure 1.2: Cell-attached single channel low noise trace revealing the typical TASK channel activity in the carotid body. Bath Tyrode 100mM K+ Pipette potential 140mM K+.
	Despite the difficulty in identifying each channel subtype in native carotid body TASK channel patches, some kinetic analyses has been performed on the TASK channel as they occur in the rat carotid body. The carotid body TASK channels have fast flicke...
	Figure 1.3: Single channel kinetics of ratTASK-1 transiently expressed in HEK293 cell. The purple line indicates the long closed states and the red line indicates the burst duration of the channel opening. Recording filtered at 5KHz
	As discussed in this section, notwithstanding the remote possibility of other undiscovered channels, there is good evidence provided by different groups that the carotid body’s oxygen sensitive background K+ current that closes in response to hypoxia,...

	1.4.3 TASK channels and anaesthesia
	TASK channels and volatile anaesthetics have been studied before. In general, this anaesthetic TASK channel research can be categorized in either the channel specific interaction or in a wider relevance for its hypnotic or respiratory effects. Our gro...
	Linden et al. (2006) found that TASK-1 knockout mice (KO) showed a reduced hypnotic sensitivity to halothane and isoflurane, reflected as a rightward shift (reduced potency) in the concentration-response curves. Linden et al. (2007) also studied TASK-...
	Although it is clear that some K2P channels interact with anaesthetics, the nature and the place of this interaction is less clear. For anaesthetic binding with TASK channels, there are several regions that are thought to be important for the binding ...


	1.5  Questions addressed in thesis
	Linked to the intriguing question of how the carotid body responds to oxygen is the question of how this response is impaired in the presence of clinically relevant concentrations of volatile anaesthetics; and what can be done to overcome this impairm...
	Thus, in this thesis, I will examine the effects of three common agents (halothane, isoflurane and sevoflurane) on glomus cell response to hypoxia, as well as the effects of these agents on TASK channels (native and those transiently expressed in huma...
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	2.1  General molecular biology methods
	The first two subsections (2.1 and 2.2) explain the molecular biology methods. Section 2.1 explains the general methods, provides recipes of media and explains the frequently used protocols such as polymerase chain reaction (PCR) protocols and the gen...
	2.1.1 LB medium and plates for culture of bacteria
	Luria Bertani broth with Ampicillin (LB-AMP) was made by dissolving 20g LB Broth powder (both Sigma-Aldrich, Dorset, UK) in 1L purified H2O. The solution was autoclaved and, once cooled down below 30ºC, AMP was added at a final concentration of 100mg/L.
	Agar-AMP (100mg/L) plates were made of imMedia Amp Agar sachets (Invitrogen, Paisley, UK), which were added to 200mL of purified H2O in a glass bottle. The solution was microwaved according to the manufacturer’s instructions until bubbles started to a...

	2.1.2 Bacteria transformation protocol
	All transformations were performed with Subconing Efficiency D-Hanahan-5-Alpha (DH5α) competent Escherichia (E) Coli cells (Invitrogen, Paisley, UK). An aliquot of cells stored at -80ºC was thawed on wet ice for approximately 15 minutes. 50 µL of DH5α...

	2.1.3 Miniprep protocol
	Minipreps for isolation of up to 20μg DNA were performed with the Qiaprep spin miniprep kit according to the manufacturer’s instructions. A colony was picked up from a LB-Amp plate with a small sterile stick, which was placed in 3 mL LB-AMP (100mg/L) ...

	2.1.4 Midiprep protocol
	The midiprep protocol for isolation of up to 100-200μg DNA was performed with the HiSpeed Plasmid Midi Kit (Qiagen, Manchester, UK). As a preparation, a single colony was picked up and inoculated in 3 mL LB AMP for 8 hours in the incubator and shaken ...

	2.1.5 PCR and Colony PCR
	The following standard polymerase chain reaction (PCR) was performed to check for presence of TASK-1 or TASK-3 in DNA samples, for example prior to submitting the samples for sequencing. All primers used in this thesis (unless otherwise indicated) wer...
	For TASK 1:   TASK1_cDNA_Forward: gcaaggtgttctgcatgttc   TASK1_cDNA_Reverse: gtactgaggctgcgtttgc   For TASK3:  TASK3_cDNA_Forward: acaaagtcgccgaaccctat   TASK3_cDNA_Reverse:  acaaagtcgccgaaccc
	The PCR reaction contained the components indicated in table 2.1:
	Table 2.1: Components of standard PCR
	The annealing temperature was based on adding the following formula:  Temperature = ((melting temperatures of primers 1+ 2) / 2) -5   This resulted in an annealing temperature of 53ºC for the standard PCR
	Table 2.2: Reaction cycle standard PCR
	All samples were pipetted on ice to prevent enzyme activation.
	This protocol was also run as part of a colony PCR to check for TASK containing colonies following transformation. For a colony PCR the same reaction mixture was used as indicated in Table 2.1, but instead of pipetting DNA in a buffer, a small amount ...

	2.1.6 Restriction Digest
	Following the PCR, the samples were mixed with 6x Blue Gel Loading Dye (New England Biolabs, Hitchin, UK) and pipetted into the wells of a 1-1.5% agarose gel (TopVision Agarose, Thermo Scientific, Paisly, UK) in 1x Tris-Borate-EDTA buffer (Sigma, Dors...

	2.1.7 PCR clean-up protocol
	The PCR clean-up reactions were performed with a QIAquick® PCR purification kit (Qiagen, Manchester, UK) to wash away enzymes from previous reactions. Five volumes of buffer PB was mixed with 1 volume of the total PCR reaction and added on top of a QI...

	2.1.8 Sequencing of DNA samples
	Sequencing was performed by Source-Bioscience Life Sciences (Nottingham, UK), who provided a read out in base-pairs. For crucial samples the DNA was sequenced three times to ensure accurate base-pair insertion. Plasmid DNA was delivered at a concentra...

	2.1.9 Insertion of DNA into Vector
	TASK DNA was transferred to different DNA constructs (vectors), for example to vectors containing a fluorescent tag, to allow for easy identification of transfected cells in a later stage. The steps for transfer of DNA from the mother vector to a new ...
	Step 1: Amplification
	The DNA that was to be transferred in a vector was amplified with a PCR reaction. Custom designed primers allowed an insertion of desired restriction sites on the  5’ and 3’ end of the chosen DNA. Restriction sites were added and chosen, so that it wa...
	AAAAAA – 5 to 8 bases coding for restriction site insertion – 18-25 complementary target DNA base-pairs.
	The -AA- sequence did not end up being inserted. This was followed by the base-pairs coding for the desired restriction site (for example EcoRV) and followed by the first few base pairs of the DNA sequence that was to be amplified. The amplification r...
	Table 2.3: Components for the ‘DNA transfer’ PCR
	The DNA was amplified with a PCR cycle as shown in table Table 2.4:
	Table 2.4: PCR cycle for vector transfer
	Following the ligation, a PCR clean up reaction was performed and the concentration of DNA was eluted in EB buffer (Qiagen) and measured with a Nanodrop to determine the DNA yield.
	Step 2: Restriction digest
	A digest was performed for both the amplified DNA of choice and the desired insertion vector. The reaction components can be found in Table 2.5:
	Table 2.5: Components for restriction digest
	The reactions were incubated for 15 minutes at 37ºC (unless the NEB buffer specified otherwise). The insert was kept on ice afterwards, while the vector was treated with antartic phosphatase.
	Step 3: Antartic phosphatase treatment
	Directly following the restriction digest, the insertion vector was treated with antartic phosphatase (M0289S New England Biolabs, Hitchin, UK). This step was performed to dephosphorylyse, i.e. remove 5’ phosphate groups, and prevent recircularization...
	A PCR clean-up was performed again with both the untreated insert and the phosphatase treated vector. Afterwards the DNA was eluted in EB buffer (Qiagen) and measured with a nanodrop to determine DNA concentration.
	Step 4: Ligation
	For the ligation reaction the insert and vector were combined in a ‘vector to insert’ ratio of 100ng vector to 66ng insert. This was based on the following formula, obtained from New England Biolabs’ website.
	Ng vector x Kb insert
	Kb insert
	The ligation reaction contained:
	Table 2.6: Components for ligation reaction
	The ligation reaction was incubated overnight at 16ºC, or over the weekend at 4 ºC, after which it was ready for transformation in DH5α cells.

	2.1.10  Storage of competent bacteria in glycerol
	For long term storage of DNA in competent bacteria, a colony from an Agar-AMP plate was picked up and grown in LB-AMP overnight. 800µL of the LB containing bacteria was added to a 2mL cryovial (Corning, High Wycombe, UK) together with 200µL sterile gl...


	2.2 Generation of transfection ready ratTASK constructs
	2.2.1 ratTASK-1
	Before the start of the experiments ratTASK-1 was present in pcDNA3 (in E Coli glycerol stock in -80ºC freezer). A sample from glycerol plates was streaked out on LB-AMP, which resulted in colonies the following day. A small number of colonies was tra...
	The TASK-1 sequence results (Source Bioscience) showed a single base pair mutation in the 915th base of the TASK-1 sequence.
	Point mutation repair of ratTASK-1 DNA
	Mutagenesis with the Q5 Site-directed Mutagenesis kit (New England Biolabs, Hitchin, UK) was performed to correct the base pair mutation to its original sequence. First, the DNA and the construct were amplified with PCR. The following primers were des...
	T1SDM_A915C_F: 5’-TGGGCGTGGGcGTGGGCGTCG T1SDM_A915C_R: 5’-TGCCGCCTGCAGCCGCTG The following components were used for the exponential amplification (PCR):
	Table 2.7: components of ‘point mutation’ PCR
	The following PCR protocol was run:
	Table 2.8: PCR cycle for point mutation amplification
	Following the PCR amplification, a Kinase-Ligase-Dpnl (KLD) treatment was carried out. This enzyme mixture facilitates rapid circularization of the PCR product and removal of the template DNA. The following components were needed for the KLD treatment:
	Table 2.9: Components for KLD treatment reaction
	The components were incubated at room temperature for 5 minutes.
	The final step consisted of a high-efficiency transformation of the KLD treatment product into 50µl chemically competent cells, provided with the site directed mutagenesis kit, which followed the procedure as described in section 2.1.2 of this chapter...

	2.2.2 ratTASK-3
	At the start of the project ratTASK-3 in Vector pCI was available freeze-dried in the -20 freezer. RatTASK-3 in pCI was redissolved from a dried DNA pellet in 20µl AE buffer (Qiagen) leading to 2.4µg/µl stock. This was transformed into competent E. Co...
	First, ratTASK-3 was transferred from pCI to pcDNA3 (a kind gift from Dr. Norma Masson). This was done according to the protocol described in section 2.1.9.
	A PCR was performed to generate sufficient TASK-3 DNA with BAMHI (5 end) and Not1 (3 end) restriction sites inserted to generate restriction sites for ligation into the BAMHI and Not1 restriction sites in pcDNA3. A PCR clean-up was performed, followed...

	2.2.3 TASK-1 and -3 insertion into pIRES-EGFP
	pIRES-EGFP was chosen as the designated transfection vector as the fluorescent tag allows easy identification of transfected HEK cells. The primers were designed with the same principle as explained in section 2.1.9 and consisted of an AAA site, restr...
	The following primers were used for this:
	TASK-1_EcoRV_F  AAAAAA  GATATC        ATGAAGCGGCAGAATGTGCGCAC TASK-1_EcoRI_R   AAAAAA  GAATTC        TCACACTGAGCTCCTGCGCTTC TASK-3_NotI_F      AAAAAA  GCGGCCGC  ATGAAGCGGCAGAACGTGCGTAC TASK-3_EcoRI_R  AAAAAA  GAATTC        TTAGATGGACTTGCGACGGATGTG
	The DNA was amplified with PCR, which was followed by a PCR clean-up. The TASK-1 was then digested with EcoRV and EcoRI and similarly a pIRES-EGFP vector was digested with the same enzymes. TASK-3 was digested with NotI and EcoRI as was the pIRES-EGFP...
	Following the ligation, the DNA was transformed in DH5-α and plated overnight. A colony PCR was performed and, based on the obtained results, colonies containing TASK-1 or TASK-3, were picked up and grown in 3mL LB medium with AMP 100mg/L overnight at...

	2.2.4 Transient expression of TASK channels in HEK cells
	Human Embryo Kidney (HEK) HEK-293t and HEK-293 cells were transfected with TASK channels. Although experiments with both cells have been performed, I found that the channel expression in the -293t cells was even higher than the regular -293 cells. Ult...

	2.2.5 Sub-Culture of HEK-293t and HEK-293 cells
	HEK cells (both -293 and -293t cells) were kept in a T25 culture flask (Corning, High Wycombe, UK ) at 37ºC and with 5% CO2 in culture medium. HEK-293 cells were obtained from Sigma (Dorset, UK) (European Collection of Cell Culture Lot 13F007 P65).
	1 litre of culture medium contained the following ingredients:
	• 870 mL Minimum Essential Medium Eagle + Sodium Pyruvate (110mg/L) (Sigma, Dorset, UK)
	• 100 mL Fetal Bovine serum 10% final concentration (Gibco, Paisley, UK)
	• 10 mL L-glutamine with final concentration of 2mM (Sigma, Dorset, UK)
	• 10 mL Penicillin/Streptomycin with a final concentration of 100U/mL 100 µl/mL (Fisher Scientific)
	Approximately every three days the cells were split in a 1:10 ratio and plated in a new T25 flask (Corning) with fresh medium. For splitting, the culture medium was gently removed with a serological pipet and the cells were rinsed in 3mL of Phosphate ...

	2.2.6 Cell counting
	For cell counting the cells were detached as described in section 2.2.5 and mixed with fresh culture medium. 100µL of the detached cell suspension was added to an Eppendorf tube, which was mixed with a 100μL of Trypan Blue (0.4%: Sigma, Dorset, UK) to...
	Both the blue cells (which were alive) and non-blue cells (dead cells) were counted. Expressing the blue cells as a percentage of total cells resulted in a % cell viability, which provided useful insight for transfecting cells. The cells were counted ...
	Figure 2.1: Schematic graph of cell counting Chamber. Blue squares indicate the squares used for counting. Picture modified and adapted from: http://www.abcam.com/protocols/counting-cells-using-a-haemocytometer

	2.2.7 Transfection of HEK cells with TASK
	For optimal transfection two different transfection kits were trialled. The first kit to be tried was the Qiagen polyfect kit from Qiagen and the second one was a lipofectamine 2000 kit from invitrogen. Ultimately the lipofectamine kit generated the h...
	Qiagen polyfect protocol
	The day before transfection 6 *105 HEK cells were plated in a well of a 6-well plate with three mL HEK culture medium at 37 C and 5% CO2. The next day this resulted in a confluency of 40–80%. 2 μg of DNA dissolved in TE buffer, was diluted in Opti-MEM...
	Lipofectamine® 2000 transfection protocol
	The day before transfection approximately 6 *105 HEK cells were plated in a well of a 6-well plate with 3 mL HEK culture medium at 37 C and 5% CO2, which resulted in 70-90% confluency on the day of transfection. Depending on the DNA and experimental r...
	For the transfection 100μL of Opti-MEM® Reduced Serum (Life Technologies) medium was added to each of two Eppendorf tubes. In the first Eppendorf tube the DNA (in TE buffer) was added and gently mixed together with 5µL PLUS reagent (Life Technologies,...
	Both solutions were incubated for 15 minutes. The solutions were then added together and gently mixed to allow for DNA-lipid complex formation for another 15 minutes. The total solution was added to the well containing the HEK cells.


	2.3 Glomus cell dissociation from rat carotid body
	2.3.1 Surgical procedure and sub-dissection
	When a lack of pedal withdrawal reflex was observed in response to a pinch, the surgical procedure was started with an incision from clavicle to just below jaw line. During this first incision, extra care was taken to check for movement from the rat p...
	Following exposure of the carotid artery and bifurcation, the remaining fat and tissue was removed. A ligature was tied around the caudal end of the common carotid artery. The common carotid artery was cut rostral to ligature, which was followed by tw...
	Figure 2.2: Carotid bifurcation. (A) picture showing the carotid bifurcation B: Same picture but the bifurcation highlighted in black and the glossopharyngeal nerve in white.
	The bifurcation was pinned ventral side down with small insect pins in a petri dish with the common carotid artery pointing to the top of the dish and the internal and external to the bottom with the SCG lying on top of the bifurcation. Fat and other ...
	Figure 2.3 Rat carotid bifurcation. On the left, the carotid body indicated with the arrow.
	Once all carotid bodies had been isolated, they were transferred to a dish containing HAMS-F12 (Sigma, Dorset, UK) with trypsin 0.4mg/mL (sigma, Dorset, UK) and Collagenase 0.6mg/mL (Worthington, Lakewood, NJ, USA), which was pre-equilibrated at 37ºC ...
	Once the enzymatic incubation time was completed, the carotid bodies were transferred to F12+ medium enriched with insulin (Sigma, Dorset, UK), fetal bovine serum (10% Gibco) and L-Glutamine (Sigma, Dorset, UK). In this solution, the carotid bodies we...
	The tissue containing medium was then transferred onto poly-L-lysine coated coverslips with approximately 30μL on each 6mm coverslip (VWR international). The coverslips with medium were incubated for two hours at 37ºC with 11% oxygen and 5% CO2. Two h...

	2.3.2 Explanation for choice of rat-pups
	Rat pups were chosen over mice because isolating carotid bodies from mice remains extremely challenging, which results in a lower success rate in isolating the carotid body and also a lower total amount of cells. In mice, instead of a single cluster o...
	By using rat pups instead of adult rats, it becomes easier for the carotid body to be dissected, as there is less connective and fat tissue present. A faster identification and removal of the carotid bifurcations leads to a shorter procedure and a bet...

	2.3.3 Staining of glomus cells
	To distinguish the type-1 cells from the other cells that could end up in the carotid body cell prep, such as type-2 (sustentacular) cells, a rhodamine conjugated peanut agglutin (PNA) staining was performed. Kim et al. (2009b) established that PNA ex...


	2.4 Normoxic and anoxic solutions in perfusion rig
	2.4.1 Solutions and gas mixtures used for experiments
	The solution of choice was the CO2-HCO3- buffered standard Tyrode solution containing the following ingredients:
	Table 2.10: Standard Tyrode ingredients
	This Tyrode solution was equilibrated with 95% air/5% CO2, pH 7.4. A few variations were made to the Tyrode solution when the experiments required, which is clearly indicated in the relevant chapters. The two most common modifications are:
	 High K+ Tyrode, 100mM KCl added and NaCl reduced to 21.5mM
	 Ca2+ free Tyrode, instead 0.1mM EGTA is added to chelate the remaining Ca2+

	2.4.2 Hypoxia Tyrode solutions
	Hypoxic Tyrode solutions were equilibrated with
	 0% hypoxia (5% CO2 in 95% N2 , without sodium dithionide)
	 1% hypoxia (1% O2, 5% CO2, 94% N2).
	Air-tightness of the perfusion rig was assessed by measuring O2 levels in the experimental bath. The O2 levels were measured with an optical O2 sensor (Presence, Regensburg, Germany) equilibrated with a normoxic and anoxic gas resulting in a two-point...
	These results confirmed that the perfusion rig was air-tight with negligible ingress of O2 from the atmosphere. Furthermore, since the measurements were taken directly from the experimental bath, this also indicated that the flow rates were appropriat...

	2.4.3 The experimental 1% oxygen stimulus
	The main hypoxic stimulus used in this thesis to study the effects of anaesthetics in combination with hypoxia is 1% oxygen equilibrated Tyrode solution, which, as described in the previous section, results in a PO2 between 7.6 and 10.6 mmHg. In normo...


	2.5 Anaesthetic delivery and verification
	2.5.1 Description of perfusion system
	The cell perfusion system is shown in Figure 2.4. Gas is delivered from compressed gas cylinders connected through air flow regulators and rotameters via narrow-bore plastic tubing to vaporizers containing anaesthetic (halothane, isoflurane and sevofl...
	The bottles (Schott Duran, Wertheim, Mainz, Germany) are capped with a plastic lid into which are punched two holes: one large hole to allow passage of the gas dispersion tube and one small hole to allow passage of the narrow bore metal aspiration tub...
	The bottles are placed in a water bath heated to ~38ºC to achieve a temperature of 37ºC in the experimental bath. The gas from the vaporizer bubbles continuously into the bottle throughout the experimental period with sufficient time for equilibration...
	To deliver the solution from the bottle to the experimental bath a stainless steel (medical grade) aspiration tube is placed into the solution of the glass bottle via a small hole in the cap (see above). The delivery to the experimental bath is by gra...
	Figure 2.4: Perfusion system: From cylinders (G) carrier gas passes through rotameters (R) into vaporizers (V); which can be on or off (halothane and isoflurane shown as examples). When the vaporizer is off, all gas bypasses the anaesthetic. From the ...

	2.5.2 Challenges of accurate anaesthetic delivery
	Handling volatile agents in standard perfusion rigs poses several challenges. Their very volatility (boiling points ~23-59ºC) means that these gases have a tendency to be lost from solution. Even if it is air-tight, the delivery system needs to ensure...
	However, despite being ‘closed’, chromatographic measurements of the samples from the experimental baths using these methods have revealed a loss of 20% - 50% compared with what was expected from calculations based on the dialled concentrations on the...
	1. Is the vaporizer output stable over time?
	2. Is there a loss of anaesthetic between the bottle in which the bubbling takes place and the experimental bath in which the volatile anaesthetics are applied to the cells?
	3. Is there a linear relationship when increasing the % of anaesthetic applied?
	4. Is it possible to mix two different anaesthetics?
	5. Is there thymol present in the Tyrode bottle?

	2.5.3 GC-MS measurements of anaesthetics in solution
	Samples were taken from two sites in the apparatus (Figure 2.4). The solution from (a) the bottle into which anaesthetic was bubbled and (b) from the experimental bath was carefully but rapidly drawn up using a 2 mL syringe and then swiftly placed int...
	GC-MS analysis was performed using an Agilent 7200 Quadrupole Time-of-Flight mass spectrometer, coupled directly to an Agilent 7890B Gas chromatograph and an Agilent GC Sampler 120 autosampler (Agilent, Stockport, UK). Standards were prepared in a non...
	The gas chromatograph was equipped with an HP-5 column (30m, 0.25mm ID, 0.25µm film thickness, Agilent, Stockport, UK), the carrier gas was helium (BOC, Slough, UK) and the flow rate was 1.2mL/min. The inlet was set to 300 C with a split ratio of 100:...

	2.5.4 Vaporizer output remains stable over time
	To confirm that the vaporizer output remained stable over a longer time, head space gas measurements were taken every 10 seconds and then every minute to assess concentrations of anaesthetics in the head space above the Tyrode solution. As depicted in...
	Figure 2.5: Measurement of headspace gas after opening of vaporizor dial. Measurements performed in headspace gas above  200mL Tyrode at ~37/38ºC in bottle. Within 1 minute the measurement of headspace % was stable. Measurements were performed for 45 ...

	2.5.5 Linear relationship of anaesthetic concentrations bottle and bath
	GC-MS samples were taken from both the bottle and the bath for the following headspace gas concentrations as measured with the infrared analyser: 0.5%, 1%, 2%, 3% and 5%. No samples were taken of concentrations higher than 5% as this is outside of wha...
	Figure 2.6: Sampling from bottles for anaesthetics. Panel A: isoflurane; panel B, halothane. Each panel is a plot of anaesthetic concentration measured by GC-MS (ppm) versus % anaesthetic in headspace gas. Each point is the mean of 5-8 samples ± SEM a...
	Figure 2.7: Sampling from experimental bath for anaesthetics. Panel A: isoflurane; panel B: halothane. Each panel is a plot of anaesthetic concentration measured by LGC (ppm) versus % anaesthetic in headspace gas. Each point is the mean of 5-8 samples...
	It is clear that for both agents there is a strong linear relationship between the vaporisation rate on the vaporiser and the concentration parts per million (PPM) obtained in solution across a wide range of concentrations (r2 range 0.93-0.98). These ...

	2.5.6 No significant loss between bottle and bath
	Figure 2.8 shows that there was no consistent loss of agent across a wide range of concentrations between bottle and perfusion bath for both agents (ANOVA p = 0.127).
	Figure 2.8: Plot of the absolute difference in measured concentration of anaesthetic between bottle and experimental bath. Panel A: isoflurane; panel B: halothane. Each panel is a plot of the difference in concentration (same scale as Figs 2 and 3) me...

	2.5.7  Concentration response curve for sevoflurane
	As the halothane and isoflurane studies have shown that there is no consistent loss of agent, a few sevoflurane concentrations have been measured in the Tyrode bottle to also generate sevoflurane PPM measurements (studied in chapter 4). The data-point...
	Figure 2.9: Sampling from bottles for Sevoflurane. The figure is a plot of anaesthetic concentration measured by GC-MS (PPM) versus % anaesthetic in headspace gas. Each point is the mean of 3 samples ± SEM and line fitted by least squares linear regre...

	2.5.8  Mixes of halothane and isoflurane yield expected PPM concentrations in the bottle
	A number of experiments in this thesis are performed with mixes of concentrations of halothane and isoflurane. This is more challenging than single agents, as the infrared analyser can not measure two agents simultaneously. For this set up vaporizers ...
	Figure 2.10: In series set up for mixes of isoflurane and halothane.
	To ensure the highest possible accuracy without real time infra-red analysing, the headspace gas was measured before the start of each experiment. The vaporizers were connected in series and then individually calibrated, which meant that notes were ta...
	To verify the presence of both anaesthetics in the solution, mixes of isoflurane and halothane were measured in the bottle to minimize sampling error. The PPM concentrations from the mixes were compared with the equation generated for PPM concentratio...
	Table 2.11: PPM for different concentrations of isoflurane mixed with 2.5% halothane. Relevant for mixes in chapter 3. Table A to D represent the mixes as indicated in table heading.
	In all cases, the measured concentrations were slightly higher than predicted by the equations. This probably reflects a minor sampling error in one of the experiments. Some experiments in this thesis have been performed with 1.5% (instead of 2.5%) ha...
	Table 2.12: PPM measurements for the mixture of 4% halothane and 4% isoflurane

	2.5.9 Absence of Thymol in Tyrode solution
	Thymol is added to commercial supplies of halothane at a concentration of 0.01% as a stabiliser and preservative. When the vaporizers are not drained as advised every week, thymol can accumulate (Rosenberg and Alila, 1984). It has been suggested that ...

	2.5.10  Comparison of our PPM values with other studies
	In terms of the absolute value (in ppm or µM) of anaesthetic concentration in solution for a given percentage vaporizer concentration, a very wide range has been reported in the literature. When converting the PPM measurements to µM for the experiment...
	It is also important to keep in mind that the biological action of volatile anaesthetics is regarded as driven by their partial pressure (so % measured in headspace) and not their dissolved content (Eger et al., 1986).

	2.5.11  Summary of GC-MS testing of anaesthetic perfusion rig
	The above experiments show that this anaesthetic perfusion system achieves reliable and stable concentration of anaesthetics in the experimental bath at point of presentation to the tissue, with minimal loss of vapour. This is confirmed for halothane,...
	The perfusion system and experiments performed in this section were the basis of a publication in the Journal of Neuroscience Methods (Huskens et al., 2016)  see appendix I.


	2.6 Chemicals and drugs
	The details of the chemicals used and their suppliers will be elaborated upon in the relevant chapters. This includes, where necessary, details about the solvents they were kept in and the exact way of application to the cells.

	2.7 Measurements of intracellular Ca2+ using Indo-1-AM
	2.7.1 Dye loading for glomus cell experiments
	The rat glomus cells were loaded with Indo-1-AM (Molecular Probes, Leiden, The Netherlands) (dissolved in dimethyl sulfoxide) in 2mL F12+ medium at room temperature and incubated for exactly 1 hour in a final concentration of 1.5μM Indo-1-AM . Followi...

	2.7.2 Instrument settings
	The fluorescence-excitation light source for Indo-1 was provided by a 100-W xenon lamp (Nikon, Tokyo, Japan) and filtered at 340 ± 5 nm. Indo-1 fluorescence was collected through an inverted microscope (Nikon Diaphot 200, Tokyo, Japan) and split by a ...

	2.7.3 Calibration of INDO-1-AM in type-1 cells
	The concept of ratiometric measurements  means that any change in fluorescence leads to a fluorescent intensity increase at one wavelength, and a decrease at the other wavelength. This increases the accuracy of the measurements. INDO-1-AM (ratiometric...
	F495 free          R-Rmin                          𝐹495 bound       𝑅max-R
	R = observed fluorescence ratio  405 nm/ 495 nm in experiment   Rmin = fluorescence ratio of the [Ca2+] free form of indo-1   Rmax= fluorescence ratio of the saturated [Ca2+] bound form of indo-1   F495 free = the fluorescence intensity in [Ca2+] free...
	The calibration constants marked with an * were obtained from the ionomycin calibration protocol using ionomycin on carotid body cells. The typical results can be seen in Table 2.13.
	Table 2.13: Results of the ionomycin calibration.
	The calibration solutions consisted of (in mM: 150 KCl 5 NaCl 1MgCl2 10 HEPES pH 7.4 at 37 C). The carotid body cells were incubated in the standard F12+ DMEM medium, stained with PNA and loaded with Indo-1-AM. After one hour of incubation, the dishes...

	2.7.4 Analysis of [Ca2+]i recordings
	Figure 2.12 shows a schematic representative recording. Each recording starts with an application of hypoxia and after that the normoxic solution is switched back on. Next the agent of interest is applied (A) in normoxic conditions, which allows for m...
	Figure 2.11: Schematic representation of a Ca2+ recording. The red arrow indicates the max increase in [Ca2+] in response to 1% oxygen. The orange arrow indicates the increase in [Ca2+] in response to 1% oxygen in combination with agent A. The green a...
	The agent effect is calculated as:
	[Ca2+]i hypoxia 1% with agent – [Ca2+]i baseline      .
	[Ca2+]i hypoxia 1% - [Ca2+]i baseline
	And consequently the agent depression is:
	% depression = 100 - agent effect
	In this thesis, most of the graphs will show the calibrated Ca2+ concentrations on the y-axis. However, a few graphs will show the unconverted raw output from the IV converter and thus the output will be displayed on the Y-axis in volts.


	2.8 Measurements of mitochondrial NADH auto-fluorescence
	2.8.1 Instrument settings
	Single wavelength fluorescence measurements of Nicotinamide adenine dinucleotide (NADH) were performed using a microspectrofluorimeter based on a Nikon Diaphot 200 (Tokyo, Japan) equipped with a xenon lamp to provide excitation. NADH was excited at 34...

	2.8.2 Analysis of [NADH] recordings
	Figure 2.13 shows a schematic representation of an NADH recording. Before the start of each recording the cell is moved out of the field and the background is adjusted to 0 volts. The cell is moved back into the field, which results in the measurement...
	Figure 2.12: schematic representation of an NADH recording. The grey dotted line represents the steady state auto-fluorescence of the cell in 21% oxygen. The green arrow represents the total NADH range. The red arrow represents the max increase of NAD...
	The formula for the agent effect on NADH auto-fluorescence is:
	V agent – V baseline
	V anoxia - V baseline
	And consequently the agent depression is:
	% depression = 100 - agent effect


	2.9    Measurements of mitochondrial membrane potential using rhodamine-123
	2.9.1  Dye Loading for type-1 cell experiments
	Rhodamine-123 (Rh123) (Sigma, Dorset, UK) was dissolved at a concentration of 6mg/mL in ethanol. For each culture dish containing 2 mL of culture medium, 5μL of stock solution was added. Carotid body cells were incubated in the rhodamine-123 dish, one...

	2.9.2  Instrument settings
	Fluorescence measurements were performed using a microspectrofluorimeter based on a Nikon Diaphot 200 (Tokyo, Japan) equipped with a xenon lamp to provide excitation. A photomultiplier tube (Thorn EMI, London, UK) was cooled (−20◦C) and used to detect...

	2.9.3 Analysis of Rhodamine-123 recordings
	Rh123 is a membrane permeant cation that distributes across the mitochondrial membrane according to the mitochondrial membrane potential. Accumulation of rhodamine in the mitochondria (negative membrane potential) leads to partial quenching of the dye...
	Figure 2.13: Principles of Rhodamine-123 fluorescence recordings. (A) Showing rhodamine dyes in the quenched mode inside the mitochondria and following mitochondrial depolarisation in the dequenced mode. (B) showing the maximal depolarisation as evoke...
	The formula for the agent effect on Rh123 auto-fluorescence is:
	V agent – V baseline
	V anoxia - V baseline
	And consequently the agent depression is:
	% depression = 100 - agent effect
	The uncoupling evoked by FCCP application leads to a complete depolarisation and thus a maximal increase in Rh123 fluorescence. This response was set at 100% (indicated by the red arrow). The increase of fluorescence evoked by the application of agent...
	On all Rh123 recordings a correction was applied for the inevitable run down of signal. This was done by entering the peak response evoked by the FCCP application at the beginning and the end of each recording and, similarly, the baseline at the begin...


	2.10  Cell attached single channel recordings
	2.10.1  Pipette and pipette filling solution
	The borosilicate glass pipettes (Harvard Apparatus Ltd, Kent, UK) used for patch clamping were pulled on a two-stage vertical puller (Narishige, Tokyo, Japan). The pipettes were coated in a thin layer of Sylgard 184 (Dow Corming, Wiesbaden, Germany) t...

	2.10.2   Instrument settings and data acquisition
	Cell-attached patch clamp recordings were performed using an Axopatch 200B (Molecular Devices LLC, Sunnyvale, US). Single-channel recordings were filtered at 2–5 kHz and current was recorded and digitalized at 20 kHz. Voltage clamp control, data acqui...

	2.10.3   Voltage clamp protocol
	Carotid body cells were placed in the recording chamber in standard Tyrode at 37ºC  in which seal formation was attempted with a borosilicate pipette. In the solution the pipette had a resistance between 10-18 MΩ. When a Giga-ohm seal was formed (>5 G...

	2.10.4   Data analysis of nPopen
	Single-channel activity was defined by nPopen in which n represents the number of channels in the patch and Popen the open probability of the channel. The main conductance state for channel activity was established manually using an all-points histogr...
	In Figure 2.15, an example all points histogram can be seen with a main conductance state of 2.2pA. The 75% threshold crossing is then set at 1.5. In figure 2.16 channel activity of a different patch can be seen. In this example the main conductance s...
	Figure 2.14: All points histogram of carotid body TASK channel activity. 75% threshold indicated in graph to best capture the presumed heterodimer peak.
	Figure 2.15: Example of nPopen analysis of type-1 TASK channel activity. Screen capture of nPopen analysis. The modal amplitude is 2.8pA (determined with all-points histogram). The first threshold is set at 75% so to best capture the channel openings ...
	Cell attached recording of HEK-293 cells
	For the recording of TASK channel in HEK cells it was decided to use the exact same recording conditions as described above with the same Tyrode solution, pipette filling solution and pipette potential. The rationale behind doing this is that because ...


	2.11   Statistics
	Average values are expressed as means (standard error of the mean). Although more detailed information about statistics can be found in the relevant chapters, in general, on each dataset, a normality test was run to confirm whether or not the data was...


	Total ng needed for Insert =
	x
	[Ca2+] =  Kd x
	x 100
	Agent effect =
	% increase =
	x 100
	Dequenched – emitting fluorescence
	% increase =
	x 100
	Points
	75%
	pA
	Chapter 3. Actions and interactions of halothane and isoflurane on the rat carotid body type I cell hypoxic response and TASK-1 channels
	3.1 Introduction 89
	3.2 Methods 92
	3.3 Results 97
	3.3.1 Concentration response curve of halothane and isoflurane on [Ca2+]i 97
	3.3.2 The effect of halothane and isoflurane on voltage gated Ca2+ entry 100
	3.3.3 Mixes of halothane and Isoflurane on [Ca2+]i 102
	3.3.4 The effect of mixes on native TASK channel activity 108
	3.3.5 TASK-1 channel activity in HEK cells 113
	3.4 Discussion 117
	3.4.1 Comparison with previous studies 119
	3.4.2 Physiological antagonism or classical receptor pharmacology? 120
	3.4.3 Limitations of the experiments 123
	3.4.4 Technical challenges of the experiments in this chapter 124
	3.4.5 Suggested follow up experiments 125
	3.1  Introduction
	Volatile anaesthetic agents are known to interfere with the body’s physiological response to hypoxia and can prevent an adequate increase in ventilation in response to hypoxia (Gelb and Knill, 1978, Knill et al., 1983, Lockwood, 2010). Even at sub-ana...
	As discussed in chapter 1, the key processes occurring in the glomus cell during an acute response to hypoxia are decreased channel activity of carotid body TASK channels, a membrane depolarization and consequently Ca2+ entry evoking the release of ne...
	To further research the carotid body mediated depression of ventilation in response to anaesthesia, this chapter sought to clarify a number of questions. The first part of this chapter aims to clarify in detail the effect of halothane and isoflurane o...
	The first part of this chapter focusses on investigating the action of halothane and isoflurane independently, the second part focusses on studying the effects of mixtures of both halothane and isoflurane. Mixes were studied at three ‘levels’ (Ca2+ si...
	Being aware of the important role of anaesthetics acting on TASK channels and so interfering with the AHVR, and upon the preliminary observation that halothane is a stronger agonist than isoflurane (and thus may have different saturation kinetics), bo...
	Combinations of halothane and isoflurane were applied to glomus cells and the hypoxia evoked Ca2+ entry was measured. The specific question addressed was whether a combination of both agents, (for example 2.5% halothane mixed with 2.5% isoflurane) act...
	In this chapter the results will be structured by each system, starting with Ca2+ entry, followed by native TASK channel activity and completed with TASK-1 activity in HEK cells. Within each system the first section will focus on a detailed concentrat...

	3.2 Methods
	3.2.1 Glomus cell isolation
	The method of carotid body removal has been described in chapter 2 section 2.3. Briefly, carotid bifurcations were surgically removed from isoflurane anesthetized rat pups P10-P15. Carotid bodies were sub-dissected and digested both enzymatically and ...

	3.2.2 Transient expression of TASK-1 in HEK-293
	Cells from the human embryonic kidney cell line HEK 293 were transiently transfected with ratTASK-1 inserted in pIRES-EGFP using lipofectamine (Life technologies, Paisley, UK) and PLUS reagent (Life Technologies, Paisley, UK). 24-48 hours following tr...

	3.2.3 Measurements of [Ca2+]i using Indo-1-AM
	Rat glomus cells were loaded with Indo-1-AM (2.5 μM in dimethyl sulfoxide) at room temperature and incubated for exactly 1 hour. Indo-1 was excited at 340 ± 5 nm and detected at 405 and 495nm by a pair of tri-alkali photomultiplier tubes (PMT) cooled ...
	Anaesthetics were vaporized using calibrated vaporizers at a range of concentrations in Tyrode solution  (mM: 117 NaCl, 4.5 KCl, 1 MgCl2, 23 NaHCO3, 11 glucose, 2.5 CaCl2) to measure the effect of anaesthetic on the hypoxia-evoked rise in  [Ca2+]i. At...
	For each control hypoxic exposure the magnitude of the Ca2+ -transient was calculated as the absolute difference between the mean [Ca2+]i in the period before hypoxic exposure and the mean [Ca2+]i during the hypoxia. This was also done for the anaesth...
	The statistical significance of the differences between the means of the response was assessed using factorial analysis of variance (ANOVA, SPSS for Windows version 10.0, SPSS Inc, Chicago, IL, USA). The increase of the Ca2+ -transient was the ‘respon...

	3.2.4 Cell attached patch clamping of CAROTID BODY and HEK cells expressing TASK-1
	Detailed information can be found in section 2.11 but in short, cell-attached patch clamp recordings were performed using an Axopatch 200B (Molecular Devices LLC, Sunnyvale, US). Recordings were made with borosilicate pipettes (Harvard Apparatus Ltd, ...
	The protocol for anaesthetic application was, (1) control (2) anaesthetic (3) control (all in normoxic solutions and in 100mM high K+ Tyrode for ~30-90 sec). A maximum of up to three different concentrations of the anaesthetic were applied within each...
	Analysis of channel activity was performed on 20s sections of recording obtained at least 10s after any solution exchange (to allow full equilibration of oxygen and anaesthetic levels within the recording chamber). From each recording, an all points h...
	Statistical analysis was conducted on the mean normalised nPopen values (obtained from a number of patches/cells) using factorial analysis of variance (SPSS for Windows version 10.0, SPSS Inc, Chicago, IL, USA), where normalised nPopen was the ‘respon...
	Because the mixes were applied in the same recording as the halothane and isoflurane, a paired non parametric test was also performed for each mix concentration alongside the ANOVA’s.
	Where concentration-response relationships were plotted, lines of best fit were constructed using non-linear least squares regression (GraphPad PRISM version 6.00) fit to a simple ligand binding equation:
	BMax x [X]
	Kd + [X]

	3.2.5 Anaesthetic delivery
	For all experiments involving anaesthetics (including patch clamping and Ca2+), the gas phase above the bubbled solutions was constantly monitored by an infrared analyzer to assure accuracy and equilibration of concentrations. The concentrations of an...


	3.3  Results
	3.3.1 Concentration response curve of halothane and isoflurane on [Ca2+]i
	The effect of volatile anaesthetics on the hypoxia (1% O2) evoked Ca2+ entry was measured in PNA selected rat carotid body type-1 cells. Baseline levels of Ca2+ were measured in standard Tyrode equilibrated with 21% oxygen. The hypoxia control exposur...
	Figure 3.1 shows the effects of hypoxia alone and in the presence of halothane (A) and isoflurane (B). Both anaesthetics reduced the response to hypoxia in a concentration dependent manner. It was apparent from the studies that halothane was able to a...
	Figure 3.1: Representative transients of the hypoxia evoked depression of [Ca2+]i by different concentrations of  halothane and  isoflurane. Hypoxia stimulus consisted of 1% oxygen 5% CO2 and the average exposure to hypoxia was 30s. Top panel: Halotha...
	In order to explore these effects further, the ‘response’ to anaesthetic was quantified as the % depression/inhibition of the [Ca2+]i signal generated in hypoxia. This ‘response’ was then plotted as a function of anaesthetic concentration (expressed a...
	The difference between halothane and isoflurane was significant (ANOVA p=0.021) and also when taking the concentration into account (ANOVA p = 0.002) confirming that the agent difference was also concentration dependent.
	Figure 3.2: Depression of halothane and isoflurane on the hypoxia evoked Ca2+ entry. Values are normalized against the hypoxia control exposure in each recording and displayed as mean +/- SEM. The difference between halothane and isoflurane was signif...

	3.3.2 The effect of halothane and isoflurane on voltage gated Ca2+ entry
	In order for Ca2+ to enter the cell in response to low oxygen, two events need to happen. First, the TASK channels need to decrease in activity, which results in cell membrane depolarisation. Secondly, as a result of the change in membrane potential, ...
	In summary, these data suggest that there is indeed a minor inhibitory effect of both agents on Ca2+ channels, but this effect is unlikely to be able to fully account for the inhibition of the Ca2+ response to hypoxia. Nor was there a marked differenc...
	Figure 3.3: Representative recording of the high K+ evoked Ca2+ entry in the presence of 3% halothane and 3% isoflurane. Recording represents the raw trace in volts prior to Ca2+ conversion. High K+ stimulus consisted of 50mM K+.
	Figure 3.4: depression of Ca2+ influx in high K+ medium. Depression of K+ induced Ca2+ entry in glomus cells. Points are mean +/- SEM. No statistical difference between the agents compared to control (ANOVA p= 0.785) or for dose (ANOVA p=0.390) (n=5-6...

	3.3.3 Mixes of halothane and Isoflurane on [Ca2+]i
	The observed difference in efficacy between halothane and isoflurane in depressing the hypoxia evoked [Ca2+]i, as observed in Figure 3.2, prompted me to investigate what would happen when a combination of agents was applied. Therefore, 1.5% halothane ...
	It was observed that combinations of 1.5% halothane with varying concentrations of isoflurane were less effective in depressing the hypoxia evoked [Ca2+]i than halothane alone. This effect was concentration dependent as high levels of isoflurane cause...
	Figure 3.5: Depression of Ca2+ response in presence of 1.5% halothane + increasing amounts of isoflurane. (A). N = between 8-13 for each data point. There is a trend for partially reversing the halothane evoked depression caused by isoflurane. Adding ...
	The next question studied in detail was how isoflurane and halothane affect the native TASK channel activity. It was hypothesized that the interesting observed infra-additivity could be due to differential interactions of halothane and isoflurane on t...
	The TASK channel activity observed under the recording conditions as described in the methods section (pipette +80mV and 140mM K+ and in Tyrode 100mM K+) resulted in short flickery openings, which were seen as inward currents. In the control condition...
	It was evident that both halothane and isoflurane increased the frequency of channel openings; halothane more so than isoflurane (Figure 3.6). Upon application of isoflurane or halothane, the channel activity increased, so that more double openings an...
	Figure 3.7 reveals the concentration-response curve of halothane and isoflurane with an average of 6-10 recording per concentration and a total of 147 datapoints. Curve-fitting isoflurane data suggests a Bmax of 128% and a Kd of 1.4%. For halothane, c...
	Figure 3.6: The effect of 1.5% halothane and isoflurane on channel activity in rat glomus cell. (A) three representative single channels traces showing control and 1.5% isoflurane and halothane. (B) two representative all points histograms from the sa...
	Figure 3.7: Concentration response curve of halothane and isoflurane on increase in TASK channel activity in rat carotid body. Data-points are normalised against control channel activity. Halothane: BMax = 350% and Kd = 2.88%. Isoflurane: BMax = 128% ...

	3.3.4  The effect of mixes on native TASK channel activity
	After the difference in efficiency of halothane and isoflurane were established on native channel level, mixes were attempted. Due to the difficult nature of patching native carotid body cells, fewer recordings were done. The first mix was 2.5% haloth...
	Figure 3.8: Representative single channel traces of TASK channel activity in rat carotid body. Cell-attached recording each showing four 500 ms sections of recording for control 2.5% isoflurane, 2.5%/2.5% halothane/ isoflurane mix and 2.5% halothane a...
	Figure 3.9: 2.5% and 4% mixes in cell attached single channel recordings of rat carotid body. Isoflurane and halothane are antagonistic at channel level. TASK1/3 channel activity expressed as % increase in nPopen compared to control. Note that in both...
	Aside from the paired non-parametric tests of the 2.5 and 4% mix concentrations versus halothane, an ANOVA was performed across all three groups and concentrations (halothane mix and isoflurane). The effect of ‘anaesthetic’ was highly significant acro...
	Whilst the majority of patches revealed only a single peak in all-points histograms corresponding to TASK-1/3 channel (Figure 3.10A), one particular low noise recording, (Figure 3.9B) revealed a second peak around 1.2 pA, corresponding to what is bel...
	Figure 3.10: All points histogram A and B from a cell attached patch recording. The y-axis represents the number of points. The x-axis represents the amplitude (pA). (A) The control (grey) histogram shows the characteristic peak representing the TASK-...
	These results demonstrated that at the level of native TASK-channel activity, isoflurane is able to partially reverse the effect of halothane with both equi-concentrations of mixes (2.5% and 4%). These experiments therefore show that this sub-additiv...

	3.3.5 TASK-1 channel activity in HEK cells
	TASK-1 channels were transiently expressed in HEK cells and single channel cell attached recordings were made under identical recording conditions as described for carotid body. Short flickery inward currents were observed. Figure 3.11 displays a repr...
	Figure 3.11: Representative traces of TASK-1 channel activity in HEK cell. Cell-attached recording each showing a 0.1s section of recording for control (no anaesthetic), 2.5% halothane, 2.5% + 2.5%mix and 2.5% isoflurane. The traces are recorded with ...
	For the mixes 2.5% halothane was mixed with isoflurane 1.5% (N=10) 2.5% (n=10) 4% (n=7) 5% (n=6). The curve fitting in in Figure 3.12 reveals mixes of halothane and isoflurane appears to be infra-additive with the data-points lying between the isoflur...
	Figure 3.12: Concentration response curve of halothane and isoflurane and mix on TASK-1 channel activity transiently expressed in HEK cells. Data-points are normalised against control channel activity. Non-parametric ANOVA revealed a significant diffe...
	Figure 3.13: Representative all points histogram from a TASK-1 recording with 2.5% halothane and 5% isoflurane. Pipette potential +80mV 140mM K+ and Tyrode solution 100mM K+.
	Lastly, a number of un-transfected and empty pIRES-EGFP transfected HEK cells (n=10) were patched under identical recording condition as used for TASK-1 recordings. All patches were empty but one, which contained a channel with a 6pA opening approxima...
	Figure 3.14: Baseline of HEK cell and EGFP transfected HEK cell. Recorded at a pipette potential of +80mV 140mm K+ in pipette and 100mM K in Tyrode solution. The third trace shows a 6pA endogenous channel with very low activity.


	3.4  Discussion
	The experiments in this chapter demonstrate novel actions and interactions of halothane and isoflurane on the carotid body’s response to hypoxia and TASK channels. First, the seven key findings will be discussed. This is followed by a discussion of th...
	The first finding is that, consistent with whole-body ventilation studies in humans and rats (Pandit, 2002, Karanovic et al., 2010), the experiments showed that isoflurane is less effective than halothane in depressing hypoxia-stimulated Ca2+ entry in...
	The second finding is that, when studying [Ca2+]i in a high K+ solution, only a small concentration independent effect of anaesthetics was observed on the voltage gated Ca2+ entry, suggesting that these channels do not play a major role in contributin...
	The third finding is that, at single channel level, halothane increases type-1 cell TASK channel activity more than isoflurane does. Halothane appears to act as a strong agonist and isoflurane as a partial agonist of channel activity.
	The fourth finding is that single channel recordings of ratTASK-1 in HEK cells revealed that both halothane and isoflurane are able to activate the channel, but halothane again appeared to be a stronger agonist compared with isoflurane. This result di...
	The fifth finding is that the addition of isoflurane to 1.5% halothane in different proportions (1%, 1.5% and 3% isoflurane) depresses hypoxia evoked Ca2+ entry to a lesser extent than with 1.5% halothane alone showing an antagonistic interaction betw...
	The sixth finding is that at the single channel level in type-1 cells the addition of 2.5% isoflurane to 2.5% halothane resulted in channel activity (TASK-1/3 heterodimer) that was less than observed with 2.5% halothane alone consistent with an antago...
	The seventh finding is that isoflurane in different proportions (1.5%, 2.5% 4% and 5%) also decreases the effect of 2.5% halothane, on ratTASK-1 activity in HEK cells. The infra-additivity between the mix of both agents and halothane alone, was of a l...
	3.4.1 Comparison with previous studies
	The findings, with respect to the different efficacy of halothane and isoflurane at cellular and molecular level, are consistent with whole-body human and animal findings, with regards to ventilation, as these studies also identified halothane as a mo...
	The observed antagonism represents a novel perspective on the mechanism of action of these agents, which differs from the current accepted theory that predicts that volatile anaesthetics should act additively. Analysing how anaesthetics act when they ...
	For inhaled anaesthetics at whole animal levels, the actions are reportedly additive (Eger et al., 2003, Hendrickx et al., 2008). Eger et al. (2003). This was confirmed in a follow up study in which mixes of halothane, isoflurane, sevoflurane and des...

	3.4.2 Physiological antagonism or classical receptor pharmacology?
	In my study, infra-additivity is shown both at a system level (hypoxia evoked Ca2+ entry) but also specifically at the level of channel activity that two agents with a similar effect but different efficacy can antagonize each other partially. In this ...
	Firstly, when studying hypoxia evoked Ca2+ entry, one should take into account that the TASK channel is not the only channel involved in triggering the Ca2+ influx and therefore it was considered if other channels contribute to the infra-additivity. V...
	It remains possible however that the infra additivity observed at the level of TASK channel activity in native cell attached single channel recordings could be due to physiological antagonism evoked by other regulatory proteins or signalling pathways....
	The final explanation to consider for the observed infra-additivity is that halothane and isoflurane act on the TASK channel directly, and compete for binding sites in TASK channels and so obey the rules of classical receptor pharmacology. This hypoth...
	Implications of our study
	Due to ‘infra-additive’ actions on TASK channel activity, Ca2+ influx can be partially restored. Because TASK channels play a key role in the hypoxic response, the demonstrated antagonistic behaviour could be exploited to minimise the undesired side e...

	3.4.3 Limitations of the experiments
	There are two limitations in this study that will be addressed and discussed. Firstly, the experiments were limited by the vaporizers ability to deliver high levels of anaesthetic for the output of anaesthetics and the limited range of accuracy from t...
	A second limitation of this study is that type-1 cell patches may contain a mixture of TASK-1, TASK-3 and TASK-1/3 with the latter being the most predominant channel. There is very good evidence showing that the main form of channel activity, which is...

	3.4.4 Technical challenges of the experiments in this chapter
	I found that working with HEK cells that transiently express TASK channels was challenging. For both TASK-1 and TASK-3, the transfected cells appeared slightly unhealthy. The transfected ‘green’ cells often contained one or more blobs on their cell su...
	Numerous times I have tried to obtain clear single channel recordings from HEK cells expressing TASK-3. However, the channel expression was incredibly high. In an attempt to reach less channel activity, a shorter incubation time post transfection was ...

	3.4.5 Suggested follow up experiments
	Logical follow up experiments would be to study mixtures on TASK-3 expressed in HEK cells. Secondly, it would be interesting to study the TASK-1/3 concatemer in HEK. In this concatemer the C terminus of TASK-1 is fused with the N-terminus of TASK-3, o...
	To conclude, the results in this chapter show interesting and novel interactions between anaesthetics. However, before the true cause of the infra-additivity can be established, more studies are needed to further clarify the possible binding site on t...
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	4.1  Introduction
	The ventilatory response to hypoxia is an important protective mechanism that normally mitigates against severe hypoxaemia. However, it is well established that volatile anaesthetics have a potent depressive effect even at very low doses that pertain ...
	However, not all agents are equally depressive to the hypoxic chemoreflex, and there appears to be a specific order of potency with halothane being generally the most depressive (Dahan et al., 1994a, Dahan et al., 1994b, Pandit et al., 2004) and sevof...
	As established in chapter 3, the effects of hypoxia on the TASK channel and hypoxia evoked [Ca2+]i is opposed by halothane and isoflurane. Furthermore, in intact rat preparations (Karanovic et al., 2010), it has been shown that halothane, sevoflurane ...
	In whole body human and rat studies the agent sevoflurane is found to be the least depressive in its effects. At cellular and single channel level, however, sevoflurane has been relatively little studied. Sirois et al. (1998) studied hypoglossal moto-...
	The latest hospital survey in the United Kingdom indicated that sevoflurane is the most commonly used volatile maintenance agent; used in 58.5% of all cases (Sury et al., 2014). Sevoflurane is also particularly used for pediatric anaesthesia, where it...
	In common with the effects of these agents at whole-body (human and rat) level, the overall question to be addressed is whether sevoflurane is less potent a depressant than halothane, and somewhat less potent than isoflurane. Effects of sevoflurane wi...

	4.2  Methods
	4.2.1 Glomus cell isolation
	The detailed method of carotid body removal has been described in chapter 2 section 2.3. Briefly, carotid bifurcations were surgically removed from isoflurane anesthetized rat pups P10-P14. Carotid bodies were digested both enzymatically and mechanica...

	4.2.2 Transient expression of TASK-1 and TASK-3 in HEK-293 and HEK-293t cells
	Cells from the human embryonic kidney cell line HEK 293 and HEK-293t were grown in DMEM High glucose + sodium pyruvate (110mg/L) supplemented with 10% fetal calf serum, 100 units/mL penicillin/streptomycin and 6mM L-glutamine. RatTASK-1 and RatTASK-3 ...

	4.2.3 Measurements of [Ca2+]i using Indo-1-AM
	Rat glomus cells were loaded with Indo-1-AM at room temperature and incubated for exactly 1 hour.
	Recording Protocol
	Sevoflurane was vaporized using calibrated vaporizers at a range of concentrations in Tyrode solution  (mM: 117 NaCl, 4.5 KCl, 1 MgCl2, 23 NaHCO3, 11 glucose, 2.5 CaCl2) to measure the effect of sevoflurane on the hypoxia-evoked rise in [Ca2+]i. At th...
	Statistical analysis of [Ca2+]i recordings in glomus cells
	The statistical significance of the differences between the means of the agent response was assessed using factorial analysis of variance (ANOVA, SPSS for Windows version 10.0, SPSS Inc, Chicago, IL, USA). The ratio of the Ca2+ -transient was the ‘res...

	4.2.4 Cell attached patch clamping of glomus and HEK cells expressing TASK-1 and TASK-3
	Cell attached patching recording conditions for glomus and HEK cells
	Cell-attached patch clamp recordings were performed using an Axopatch 200B (Molecular Devices LLC, Sunnyvale, US). Recordings were made with borosilicate pipettes (Harvard Apparatus Ltd, Kent, UK) and were sylguard-coated and fire-polished before use....
	Cells were placed in the recording chamber in standard Tyrode in which seal formation was attempted with a borosilicate pipette. When a giga-ohm a seal was formed, the Tyrode solution was switched to one with 100 mM K+ and a positive pipette potential...
	Data-analyses for glomus and HEK cells expressing TASK-1
	For glomus cells and HEK cells expressing ratTASK-1, analysis of channel activity was performed on 20s sections of recording obtained at least 10s after any solution exchange (to allow full equilibration of oxygen and anaesthetic levels within the rec...
	Data analysis for HEK cells expressing TASK-3
	For HEK cells expressing TASK-3, no single channel analysis was performed due to extremely high channel activity. Instead, the average current was measured for the control channel activity and channel activity during sevoflurane activity following bas...
	Statistical analysis for glomus cell single channel recordings
	Statistical analysis was conducted on the mean normalised nPopen values (obtained from a number of patches/cells) using factorial analysis of variance (SPSS for Windows version 10.0, SPSS Inc, Chicago, IL, USA), where normalised nPopen was the ‘respon...
	Statistical analysis for HEK cells expressing TASK-1 and TASK-3
	The application of sevoflurane and isoflurane, or halothane and sevoflurane, were done within the same recording. Therefore, a paired t-test was conducted on the increase in current or channel activity evoked by the three anaesthetics.

	4.2.5 Anaesthetic delivery
	For all experiments involving anaesthetics (both patch clamping and Ca2+), the gas phase above the bubbled solutions was constantly monitored by an infrared analyzer to assure accuracy and equilibration of concentrations as described in detail in meth...


	4.3 Results
	4.3.1 Effect of sevoflurane on hypoxia evoked [Ca2+]i  in glomus cell
	Like halothane and isoflurane, sevoflurane did not change baseline levels of [Ca2+]i in normoxic conditions. Figure 4.1 shows the depression of the hypoxia evoked Ca2+ entry by halothane and isoflurane from chapter 3, with the sevoflurane representati...
	Figure 4.1: Representative traces of anaesthetics depressing the hypoxia evoked [Ca2+]i. Within each panel the traces are: hypoxia (far left), then up to 4 concentrations of anaesthetic. Hypoxia stimulus consisted of 1% oxygen 5% CO2 and the average e...
	Figure 4.2 shows the effect of the anaesthetics on the response to hypoxia, plotted as a ‘concentration-response’ relationship in absolute % concentration of anaesthetic in the gas-phase. Concentrations of 0.5%, 3% and 5% sevoflurane were applied, whi...
	Figure 4.2: Depression of hypoxia evoked Ca2+ influx into glomus cells by anaesthetics. Points are mean +/- SEM, with N=3-13 recordings per point (total 88 data-points). Depression is plotted by normalising to the hypoxic response for that recording i...
	The sevoflurane effect on single channel TASK activity was assessed at a range of concentrations. Figure 4.3 shows an example trace of single channel recordings from rat glomus cells, demonstrating the characteristic opening of TASK channels. Upon app...
	Figure 4.3: Representative trace of 5% sevoflurane increasing TASK channel activity in rat glomus cell. Representative single channel trace over ~1 second. Cells were superfused with 100 mM K+ Tyrode, with 140 mM K+ in the pipette solution. Pipette po...
	Figure 4.4 shows a typical all points histogram for the channel activity upon sevoflurane exposure (in orange). Although the increase is clear, it is of a lesser magnitude than that of halothane.
	Figure 4.4: All-points histograms showing the effect of halothane and sevoflurane 5%. (10 fA bin widths) generated from 20 s segments of cell-attached recordings under standard recording conditions (+80mV pipette potential, 140mm K+ and 100mM K+ in Ty...
	Figure 4.5 shows the quantitative analysis of the increase in channel activity as defined by nPopen for the three anaesthetics at the measured concentrations. ANOVA confirmed that the effect of ‘agent’ was highly significant (P < 0.027), suggesting th...
	Figure 4.5: Influence of volatile anaesthetics on TASK channel activity. Displayed is the increase in nPopen, expressed as % increase from control value. Data are mean ± SEM. Cells were superfused with 100 mM K+ Tyrode, with 140 mM K+ in the pipette s...

	4.3.2 Effect of sevoflurane on HEK cells expressing TASK-3 and TASK-1 channels
	HEK-293 cells were transiently expressed with either TASK-1 or TASK-3 and exposed to sevoflurane. This was done for two reasons: firstly, in order to assess if I could replicate activation of TASK-1 by sevoflurane and secondly, because unlike TASK-1, ...
	Electrophysiology on HEK cells expressing TASK-3
	Sevoflurane 2.5% and halothane 2.5% was applied to five HEK cells expressing TASK-3. The TASK channel activity increase was small but considerable upon sevoflurane application, as seen in the exemplar trace in Figure 4.6A. Sevoflurane evoked an increa...
	Figure 4.6: Increase in TASK-3 channel activity by 2.5% sevoflurane and 2.5% halothane in HEK-293 cells. (A) Representative trace of TASK-3 channel activity over approximately 2 minutes. (B) Sevoflurane and halothane (n=5) significantly differ in the ...
	Four HEK cells expressing TASK-3 were exposed to sevoflurane 2.5% and isoflurane 2.5%. A representative trace in Figure 4.7A, reveals that isoflurane increases the channel activity more so than sevoflurane. Sevoflurane evoked an increase in average cu...
	Figure 4.7: Increase in TASK-3 channel activity by 2.5% sevoflurane and 2.5% isoflurane in HEK-293t cells. (A) Representative trace of TASK-3 channel activity over approximately 2 minutes. (B) Sevoflurane and isoflurane (n=5) significantly differ in t...
	Electrophysiology on HEK cells expressing TASK-1
	The overall level of channel activity seen in HEK cells expressing TASK-1 was low enough to allow for standard single channel analysis. Sevoflurane 3% and halothane 2.5% was applied to five HEK cells expressing TASK-1. The channel activity increase wa...
	Figure 4.8: Increase in TASK-1 channel activity by 3% sevoflurane and 2.5% halothane in HEK-293 cells. (A) Representative trace of TASK-1 channel activity over approximately 0.3s. (B) Sevoflurane and isoflurane (n=5) significantly differ in the increa...
	Summary of the comparative study of sevoflurane on TASK-1 and TASK-3
	In Figure 4.9 an overview bar chart can be seen for both TASK-1 and TASK-3 in which all the data-points are collected for the 2.5% concentration (except for TASK-1 sevoflurane 3%), which were 63 data-points in total. Remarkably, even in these expresse...
	Figure 4.9: Channel activity of halothane, isoflurane and sevoflurane in HEK cells transiently expressed with TASK-1 or TASK-3. Table summarizes all the data-points obtained for the 2.5% data-points (except for 3% sevoflurane in TASK-1). (A) Average I...


	4.4  Discussion
	The novel results in this chapter are that sevoflurane very modestly depresses the hypoxia-evoked rise in [Ca2+]i in glomus cells; that it increases channel opening of the native heterodimeric TASK channel in glomus cells; and that it acts to increase...
	Sevoflurane’s relatively modest effect on each of these processes is not only in keeping with the observation from humans and rats, in that it is a weak depressant of the hypoxic chemoreflex, but also in mice, as recently established in our lab by fel...
	The sevoflurane results are also consistent with the results of Sirois et al. (1998) who found halothane, isoflurane and sevoflurane to activate a Ba2+ and voltage-sensitive current in motoneurones (likely a TASK or TASK-like channel). Sirois et al. (...
	The predominant native TASK channel found in glomus cells is now thought to be a TASK-1/3 heterodimer but it remained unclear which subunit (or both) sevoflurane might influence. The results provide compelling evidence that in fact, sevoflurane can in...
	The concentrations of sevoflurane were clinically relevant. Where higher concentrations were used, this was for a concentration-response effect to look for a ‘max’ effect, rather than mimic clinical conditions at cell level. While concentrations like ...
	In summary, the experiments in this chapter demonstrate a small effect of sevoflurane on the hypoxic response (hypoxia evoked Ca2+ entry and TASK channel activity) and a direct effect on both TASK-1 and TASK-3 channels in a transiently expressed syste...
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	5.1  Introduction
	How exactly oxygen sensing occurs in the type-1 cell of the carotid body has not been completely elucidated, but as discussed in chapter 1, a number of candidate mechanisms and components have been proposed based on the distinct features that make the...
	Although this research provides compelling evidence that mitochondria are involved in oxygen sensing and TASK channel regulation, it remains unclear how exactly the slowdown of electron transport in mitochondria leads to a decrease in TASK channel ope...
	In normoxic conditions in the electron transport chain complexes I to IV pump, or aid in pumping, protons across the mitochondrial membrane, which maintains a negative mitochondrial membrane potential. The pumped protons in turn diffuse back into the ...
	Hanley and Ray’s observation is also interesting, because it demonstrates that, in cardiac tissue, anaesthetics can act in a manner similar to the effect of hypoxia (i.e., increasing NADH levels). Yet, in relation to carotid body function it is well e...

	5.2 Methods
	The extended methods for both NADH measurements and Rh123 can be found in the methods section 2.9 and 2.10. A brief summary will be given below, including the detailed information regarding the recording protocols.
	5.2.1 Single cell isolation
	The method of carotid body removal has been described in chapter 2 section 2.4. Briefly, carotid bifurcations were surgically removed from isoflurane anesthetized rat pups P10-P14.  Carotid bodies were sub-dissected and a single cell suspension was ge...
	In the recording chamber, cells are constantly perfused with Tyrode (in mM: 117 NaCl, 4.5 KCl, 1 MgCl2, 23 NaHCO3, 11 glucose, 0.1 EGTA) equilibrated with either normoxic (21% O2) or anoxic (0% O2) gas with or without volatile anaesthetic, as describe...

	5.2.2 Protocols and measurements of NADH
	Type-1 cells incubated with rhodamine-PNA were identified by their bright orange staining. NADH was excited at 340nm and fluorescence was measured at 450±15nm. The output of the PMT was connected to an IV converter that generated an output in volts. B...
	Cells were exposed to the following protocol for NADH measurements. An anoxic stimulus (5% CO2 and 95% N2 + 250μM Na2S2O2) was applied for 30 sec (to calibrate the NADH response as described above). Then, cells were exposed to a range of anaesthetic c...
	As a control experiment, a complex I inhibitor, rotenone was applied with and without 1.5% isoflurane. Mitochondrial NADH fluorescence in the presence of rotenone will be maximal and therefore if isoflurane evokes any additional changes in fluorescenc...

	5.2.3 Measurements of mitochondrial membrane potential
	Carotid body cells were incubated with rhodamine-123, which results in an increase in fluorescence following mitochondrial membrane depolarisation (See section 2.10). Each recording of mitochondrial membrane potential started and ended with an applica...

	5.2.4  Statistical analysis
	Comparisons of concentration-response relationships were assessed with factorial analysis of variance (ANOVA), with the factors being ‘agent’ (three levels, one for each agent) and ‘dose’ (three levels, one for each dose). Any significant effects were...


	5.3 Results
	5.3.1 Measurements of the anaesthetic effect on [NADH] in type-1 cells
	Figure 1 shows a representative trace of the [NADH] increase evoked by anaesthetics. Anoxia rapidly increases [NADH], followed by a rapid recovery upon reoxygenation, followed by a rebound with a slower recovery. All three anaesthetic agents also, but...
	Figure 5.1: Representative traces of NADH auto-fluorescence. The increase in NADH fluorescence in volts, evoked by (A) sevoflurane 5% and (B) isoflurane 3% and halothane 3%.
	Figure 5.2: Concentration-response curve of halothane isoflurane and sevoflurane on NADH auto-fluorescence in rat glomus cells. Data represented as mean ± SEM. The y-axis is normalised to the fluorescence obtained with anoxia, and the x-axis is the co...
	Figure 5.2 shows the concentration dependence of NADH increase for each agent. Over the range of concentrations assessed (which are in the clinically relevant range) NADH fluorescence increases linearly with anaesthetic concentration. Analysis of cova...
	No evidence of saturation of the NADH response was observed in the concentration response relationships for any agent, so the potential for additive effects between any two agents, if administered simultaneously was assessed. Figure 5.3A shows a repre...
	Figure 5.3: Increase of NADH fluorescence by single agent volatile anaesthesia and mixes. (A) Representative trace of NADH auto-fluorescence evoked by 1.5% halothane, 1.5% isoflurane and a mix of 1.5%/1.5% halothane/isoflurane. (B) Quantitative analys...

	5.3.2 Control for non-specific effects of anaesthetic on NADH auto-fluorescence
	Since it was found that anaesthetics increase [NADH], a subsidiary question that arose was whether anaesthetics solely targeted complex I and not any other possible, but undefined, sources of auto-fluorescence. Therefore, it was assessed whether the m...
	Figure 5.4: Effects of rotenone in combination with isoflurane on NADH auto-fluorescence in type-1 cells. (A) representative trace of NADH auto-fluorescence evoked by rotenone with and without 1.5% isoflurane. (B) Change in fluorescence of isoflurane ...
	In summary, the increase of NADH auto-fluorescence evoked by the application of isoflurane, halothane and sevoflurane suggests that these agents possibly inhibit the electron transport in type-1 cells. To further explore this, changes in membrane pote...

	5.3.3 Measurements of anaesthetics on mitochondrial membrane potential in type-1 cell
	All anaesthetic agents evoked a small depolarisation in mitochondrial membrane potential to varying degrees (Figure 5.5). From the raw traces it appears that anaesthetics exhibited a similar order of potency as they did on [NADH] of isoflurane ≥ halot...
	Figure 5.5: Representative traces of the effect of volatile agents on mitochondrial membrane potential. Note the initial and last exposures to FCCP used in calibration and the control anoxic response. The order of potency appears to be isoflurane > h...
	Figure 5.6 shows the results of quantitative analysis. The order of potency was the same as for anaesthetic effects on [NADH] (Figure 5.2). Differences between agents were significant (ANOVA; p =0.033) with post hoc tests confirming that the effect of...
	Figure 5.6: Effects of volatile anaesthetics on mitochondrial membrane potential. Data is (mean +/- SEM) plotted against absolute concentration of agent. The membrane potential was calibrated and normalised to the FCCP response for each experimental p...
	To account for the possibility that application of anaesthesia increased fluorescence unrelated to a change in membrane potential, FCCP was applied both with and without 3% isoflurane (n=3) to detect if an additional increase in fluorescence was detec...
	Figure 5.7: Rho123 trace showing the application of FCCP with and without isoflurane in type-1 cell. (n=3).
	In summary, isoflurane, halothane, and to a lesser extent sevoflurane are all able to increase Rh123 fluorescence, indicating a mitochondrial depolarisation, suggesting that these anaesthetics may act to inhibit electron transport.

	5.3.4 Measurements of anaesthetics on [NADH] in HEK cells
	Intrigued by the effect and the magnitude of the effect of clinically relevant concentrations of anaesthetics on [NADH] in type-1 cells, the question arose whether this effect was also found in other cells, as suggested by some published studies. Untr...
	Figure 5.8: Increase of NADH fluorescence by single agent volatile anaesthesia and mixes in HEK cell. Quantitative analysis of effect of mixtures of halothane and isoflurane ((mean ± SEM; n = 6, paired t-test). NADH fluorescence is expressed as the % ...


	5.4  Discussion
	This chapter shows that volatile anaesthetics partially inhibit electron transport in type-1 cell mitochondria. Upon application of anaesthetics there is an increase in NADH auto-fluorescence and mitochondrial membrane depolarisation. Furthermore, the...
	In the next section limitations of experimental technique and how I addressed them will be discussed, which will be followed by a discussion of previous literature and the potential physiological implications of the findings in this chapter.
	5.4.1 Limitations of experimental technique and how they were addressed
	The measurements of mitochondrial NADH and membrane potential are indirect. However, the dye methods that were used are well established (Emaus et al., 1986, Mayevsky and Rogatsky, 2007) and are able to show differences of NADH levels and membrane pot...
	The interpretation that the change in fluorescence is evoked by a change in mitochondrial [NADH] is supported by a lack of additive effect on [NADH] to that of rotenone alone (Figure 5.4). The fact that this is not the case is consistent with the noti...

	5.4.2 Comparison with previous work: volatile anaesthesia and NADH
	These results support the work of Hanley et al., (2002) who reported similar results for the same volatile agents in cardio myocytes. They expressed the NADH increase as a function of the maximum fluorescence evoked by rotenone, whereas the data in th...
	There are a number of other studies indicating that anaesthetics act on complex I in mitochondria with examples in C. elegans, (see also discussion below of mouse models and human patients). In C. elegans, Kayser et al., (1999;2004) found that mutatio...

	5.4.3 Comparison with previous work: volatile anaesthetics and mitochondrial membrane potential
	Whereas the anaesthetic influence on mitochondrial membrane potential in other tissues has been previously reported, the results in glomus cells are novel. Bains et al. (2006) reported that sevoflurane and isoflurane depolarize mitochondria of presyna...

	5.4.4 Implications of the results
	There are three potentially relevant implications of the result that clinically relevant concentrations of halothane, isoflurane and sevoflurane influence mitochondrial function: first, in relation to anaesthetic effects on oxygen sensing; second, in ...

	5.4.5 Oxygen sensing
	One theory of oxygen sensing in the carotid body is the ‘metabolic theory’, which argues that oxygen is sensed through changes in mitochondrial energy, which in turn can contribute to the regulation of TASK channel activity (Duchen and Biscoe, 1992a, ...
	Yet it is well established that volatile anaesthetics open TASK channels and inhibit Ca2+ entry into glomus cells and obtund the hypoxic chemoreflex (chapter 3 and 4). Because the net effect of anaesthetics is one of chemoreflex depression in the caro...

	5.4.6 Anaesthetic preconditioning
	Anaesthetic pre- or post- conditioning is the phenomenon in which the pre-exposure to volatile anaesthesia provides protection against subsequent ischemic insult in heart or brain tissue (Hu and Liu, 2009, Eckenhoff and Morgan, 2015). It is suggested ...
	Supporting the notion that complex I inhibition may be involved in the preconditioning phenomenon, (Niatsetskaya et al., 2012) reported that preventive partial inhibition of complex I in mice resulted in decreased oxidative stress and less damage duri...

	5.4.7 Hypnotic effects of anaesthesia
	A very interesting observation was made when the data obtained in this chapter were converted to MAC. Figure 5.9A shows the NADH data expressed as the minimum alveolar concentration (MAC) of each agent for rats. This was 1.1% for halothane, 1.51% for ...
	It appears that once converted to MAC, the agents effect is more similar, and statistically significant differences between sevoflurane and the other agents are lost (p = 0.489; NS). When converting the membrane potential measurements, the agent diffe...
	An emerging theory proposes a role for mitochondria in the hypnotic/narcotic effects of general anaesthesia. Modelling has suggested that a direct effect of volatile anaesthesics on ion channels alone is not enough to explain the profound effects of a...
	Figure 5.9: NADH and membrane potential measurements converted to MAC. Values of 1.1% for halothane, 1.51% for isoflurane and 2.5% for sevoflurane (A) NADH measurements converted to MAC (B) Membrane potential measurements converted to MAC.
	There is no inherent expectation that the effects of different anaesthetics at identical MAC values should be the same for all biological functions. Thus with respect to say glomus cell hypoxic response it does not follow that these concentrations of ...
	Quintana et al. (2012) studied a knock out (KO) mouse model lacking the Ndufs4 gene, which is a subunit of mitochondrial complex I. The authors reported that the KO mice were extremely sensitive to isoflurane with an ED50 for hypnotic effect that was ...
	A relationship between complex I and anaesthetic sensitivity has also been identified in patients. Morgan et al. (2002) induced 16 young patients with various mitochondrial mutations using sevoflurane. Four patients, who had a specific complex I mutat...
	In summary, the data in this chapter show that mitochondria are a potentially important target for volatile anaesthetics in the carotid body and their effects highlight the complexity of the hypoxia transduction cascade.
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	6.1  Introduction
	While the focus in the other chapters has been on identifying the mechanisms of volatile anaesthetic depression on the hypoxia transduction cascade in the carotid body, this chapter will look ahead to a potential solution to volatile anaesthetic evoke...
	There is much incentive for developing novel TASK blockers. Recent evidence suggests that compounds decreasing TASK channel activity in the carotid body have the potential to be useful for the treatment of conditions in the perioperative environment, ...
	PK-THPP is a propylketone (PK) derivative of tetrahydropyrido-pyrimidine (THPP) and was  discovered and optimized by Merck & Co following a high throughput screening based on a 5,6,7,8-tetrahydropyrido[4,3-d]pyrimidine (Coburn et al., 2012). It was de...
	A1899 was initially described by Streit et al., (2011) as a potent and highly selective blocker of TASK-1, blocking both inward and outward currents to the same extent in TASK-1 expressed in Xenopus oocytes. In a high K+ medium, 400nM of A1899 leads t...
	Cotten (2013) further examined both A1899 and PK-THPP in vivo in rats, suggesting further potential for these drugs as breathing stimulants. Rats were anaesthetized with isoflurane while receiving a dose of A1899, PK-THPP or doxapram. Cotton reported ...
	Rinne et al., (2015) further studied the effect of A1899 on TASK-1, TASK-3, and the concatomers TASK-1/3 and TASK-3/1 expressed in HEK cells. The authors reported that 40nm A1899 induces a 46% block in whole cell recordings of HEK expressing TASK-1, w...
	The relevance of A1899 appears not to be exclusive to ventilation research. In pancreatic mouse cell lines, A1899 has been reported to reduce TASK-1 currents and as a consequence could be used to regulate α-cell excitability (Dadi et al., 2015).
	The above research strongly suggests that these agents may be powerful breathing stimulants, acting through inhibition of TASK channel activity. These agents are therefore of interest to my research for two reasons. Firstly, no studies to date have be...
	The first aim of this chapter is thus to investigate the effects of PK-THPP and A1899 on TASK channel activity in the rat glomus cell, and to compare this with the effects of doxapram, as a drug which is currently in use. The second aim of this chapte...
	To address these three questions, both compounds will first be applied to HEK cells expressing ratTASK-1 for A1899 and ratTASK-3 for PK-THPP to examine channel activity through cell attached single channel recordings as a positive control. This will p...
	Figure 6.1: Molecular structure of A1899, PK-THPP and doxapram. Adapted from (Cotten, 2013)

	6.2  Methods
	6.2.1 A1899 and PK-THPP
	A1899 and PK-THPP were synthesized by Aberjona Laboratories, Inc. (Woburn, USA) and delivered in 10mg aliquots. At the beginning of each week, the aliquots were dissolved in dimethylsulfoxide (DMSO) and kept at -20ºC. The DMSO solution was added to th...

	6.2.2 HEK Cell culture and transfections
	HEK cells were cultured and transfected with 1.2µg ratTASK-1 or ratTASK-3 inserted in pIRES-EGFP, using lipofectamine and PLUS reagent as previously described in methods chapter 2 section 2.2.7. 24-48 hours post transfection, cells were harvested and ...

	6.2.3 Glomus cell isolation
	For the extended procedure, refer to methods chapter 2 section 2.3. In short, carotid bifurcations were surgically removed from isoflurane anesthetized rat pups P10-P14. Carotid bodies were sub dissected and plated in medium onto poly-L-lysine coated ...

	6.2.4 Recording conditions for cell attached patching of HEK and glomus cells
	Cell-attached patch clamp recordings were performed using an Axopatch 200B (Molecular Devices LLC, Sunnyvale, US). Recordings were made with borosilicate pipettes (Harvard Apparatus Ltd, Kent, UK) and were sylgard-coated and fire-polished before use. ...

	6.2.5 Experimental protocol and data analyses for HEK expressing cells TASK-1 or -3
	To verify the effect of A1899 on TASK-1 and PK-THPP on TASK-3, the compounds were applied to HEK cells expressing TASK-1 or TASK-3. Because of the large amount of channels in the average patch, these multichannel recordings are not suitable for detail...

	6.2.6 Experimental protocol for the measurement of TASK channel activity in glomus cells
	Single-channel activity was defined by nPopen. Main conductance states for channel activity were established in an all-points histogram and used to set a 75% open threshold for nPopen definition analysis, so to enable a the best possible capture of th...
	Single agent and concentration response curve recordings
	The protocol for drug application was (1) high K+ control on, (2) drug on (30-80 seconds) (3) high K+ control on. Cells were challenged with doxapram, PK-THPP or A1899. A maximum of up to 3 different doses of the same drug were applied within each rec...
	The effects of breathing stimulants combined with isoflurane
	Once a giga-ohm seal was formed, the bath solution was switched to high K+. The protocol for drug application was: (1) High K+ control (2) 1.5% isoflurane (3) 1.5% isoflurane + 400nm breathing stimulant (4) isoflurane 1.5% (5) high K+ control on. For ...
	Statistical analysis for glomus cell recordings
	A normality test was run for all the single channel data sets. Where normality was confirmed with a Shapiro-Wilk test, a paired t-test was used to compare channel activity of drug compared to control. In the data set where no normality was found, a re...

	6.2.7 NADH auto-fluorescence recordings in glomus cells
	A1899 and PK-THPP were tested for mitochondrial interaction by measuring a change in NADH auto-fluorescence upon application. Detailed information can be found in the NADH auto-fluorescence methods section of chapter 2 section 2.8. In short, fluoresce...


	6.3 Results
	6.3.1 Breathing stimulants in HEK cells
	A1899
	A1899 was applied to HEK cells expressing TASK-1 as positive control to determine if the method of drug application (by dissolving the drug in the Tyrode bath solution) results in a noticeable change in TASK-1 channel activity as previously reported a...
	Figure 6.2: A1899 reduces TASK-1 channel activity in cell-attached patches in HEK cells.  Representative trace of TASK-1 channel activity over (A) approximately 3 minutes and (B) superimposed over 0.1 seconds. (C) A1899 (n=4) significantly depresses t...
	PK-THPP
	Similar results were obtained for the effect of PK-THPP on HEK cells expressing TASK-3. 400nM PK-THPP strongly depressed the TASK-3 channel activity.  Figure 6.3A and B show a representative trace revealing that 400nM of PK-THPP (n=3) strongly depress...
	Figure 6.3: PK-THPP reduces TASK-3 channel activity in cell-attached patches in HEK cells. Representative trace of TASK-3 channel activity over (A) approximately 2 minutes and (B) 0.3 seconds. (C) PK-THPP (n=3) significantly depresses the channel acti...

	6.3.2  Breathing stimulants in Rat Glomus cells
	Now that the drug effect and its application have been verified in HEK cells, the next question was to assess if, and by how much, PK-THPP and A1899 inhibit native TASK channel activity in the rat glomus cell. This is followed by application of doxapr...
	A1899
	Upon 400nM A1899 application, TASK channel activity in rat carotid body glomus cells was inhibited in a modest and reversible fashion. Figure 6.4A and B show an example trace of the same concentration (400nM) as also used in the HEK cells. A paired t-...
	Figure 6.4: A1899 reduces background channel activity in cell-attached a rat type-1 cell patch. 400 nm A1899 (n=8) has a modest and reversible depression on the TASK channel activity.  Representative trace of TASK channel activity over (A) approximate...
	A representative all-points histogram in Figure 6.5 reveals that A1899 partly inhibits the peak channel activity around 2.6pA which typically represents the TASK-1/3 heterodimer. Open amplitudes around 1.2pA are also partly inhibited, which are assume...
	Figure 6.5: Representative all points histogram for the effect of 400nM A1899 on glomus cell TASK channel activity. Histogram was generated from a selected 20s section of both control and A1899 application. Bin-width was 0.1pA.
	A concentration-response over a log scale was done to further establish the effect of A1899 on TASK channels in rat glomus cells (Figure 6.6). The graph reveals that at higher concentration, the depression evoked by 1899 increases.
	Figure 6.6: Concentration response of A1899 on background TASK channel activity in rat type-1 cell. % change in nPopen values compared to channel activity before A1899 application (50nm: n=4, 400nm: n=8 , 4000nm: n=6). Threshold 75%.
	Although the reduction in channel activity was modest at 400nM, this concentration is nonetheless sufficient to stimulate the glomus cell and cause an increase in [Ca2+]i in rat glomus cells as observed by P. O’ Donohoe in our lab (O'Donohoe, 2015). T...
	Figure 6.7: A1899 evoked Ca2+ entry in rat glomus cell. An original recording of intracellular Ca2+ concentration measured using Indo-1 in a type-1 cell bathed in normal Tyrode. Cells are first exposed to a hypoxic stimulus of 0% oxygen and then expos...
	PK-THPP
	The effect of PK-THPP was studied on carotid body glomus cells. Upon 400nM PK-THPP application, TASK channel activity in rat carotid body glomus cells was inhibited in a strong and reversible fashion. Figure 6.8A and B show an example trace of the sam...
	A representative all-points histogram in Figure 6.9 reveals that PK-THPP partly inhibits the peak channel activity around 1.2pA which are assumed to represent some TASK-1 channel activity present in the patch. All other amplitudes, are strongly inhibi...
	Figure 6.8: PK-THPP reduces background channel activity in cell-attached rat type-1 cell patch. 400 nm PK-THPP (n=10) evokes a strong and reversible depression of background TASK channel activity.  Representative trace of TASK channel activity over (A...
	Figure 6.9: Representative all points histogram for the effect of 400nM PK-THPP on glomus cell TASK channel activity. Histogram was generated from a selected 20s section of both control and A1899 application. Bin-width was
	Two lower concentrations (40nM and 120nM) were applied to glomus cells to generate a concentration response curve of the effect of PK-THPP on TASK. Curve fitting of a hyperbola suggests a Kd for the effect of PK-THPP of 66.0nM and a Bmax of 100% inhib...
	Figure 6.10: Concentration response of PK-THPP on background TASK channel activity in rat type-1 cell. % change in nPopen values compared to channel activity before PK-THPP application (40nm: n=5, 120nm: n=5 , 400nm: n=10). Hyperbola curve fitting gen...
	Doxapram
	To compare the new breathing stimulants to an existing breathing stimulant drug, doxapram was applied to rat glomus cells while recording TASK channel activity. The effect of doxapram has not been fully studied on native TASK channels in type-1 cells ...
	Figure 6.11: Background channel activity in cell-attached rat type-1 cell patch. 50 µM doxapram (n=7) evokes a modest and reversible depression on the TASK channel activity. Representative trace of TASK channel activity over (A) approximately 1.5 minu...
	Figure 6.12 displays an all points histogram revealing that doxapram depression is most apparent at 2.7pA representing the TASK-1/3 heterodimer, although modest inhibition is also observed all other peak amplitudes.
	Figure 6.12: representative all-points histogram of 50 µM on rat glomus cells TASK channels. Histogram was generated from a selected 20s section of both control and doxapram application. Bin-width was 0.1pA.

	6.3.3  The effects of breathing stimulants combined with isoflurane
	A1899, PK-THPP and doxapram were all applied in combination with a relevant concentration of isoflurane (1.5%), to investigate if the inhibition of TASK channel was still apparent in the presence of an anaesthetic known to increase TASK channel activity.
	A1899
	A1899 and a clinically relevant concentration of 1.5% isoflurane, was combined and applied to glomus cells. First 1.5% isoflurane was applied to the cells followed directly by an application of 1.5% isoflurane combined with 400nM A1899. Isoflurane evo...
	Figure 6.13: A1899 depresses background TASK channel activity in rat type-1 cell in the presence of 1.5% isoflurane In the presence of a clinically relevant dose of 1.5% isoflurane, 400nm A1899 is still able to depress TASK channel activity in glomus ...
	Figure 6.14 shows a representative all points histogram. Isoflurane 1.5% (purple) application results in an increase in channel activity of the heterodimer peak. The application of isoflurane 1.5% in the presence of 400 nM A1899 (light blue) leads to ...
	Figure 6.14: all-points histograms revealing control, 1.5% isoflurane and 1.5% isoflurane + 400nM PK-THPP.  Each histogram was (0.1 pA bin widths) generated from 20 s segments of cell-attached recordings.
	PK-THPP
	To examine if PK-THPP is also able to depress TASK channel activity in the presence of a clinically relevant dose of isoflurane (1.5%), both agents were combined and applied to glomus cells. First 1.5% isoflurane was applied to the cells followed dire...
	Figure 6.15: PK-THPP depresses background TASK channel activity in rat type-1 cells in the presence of 1.5% isoflurane In the presence of a clinically relevant dose of 1.5% isoflurane, 400nm PK-THPP is still able to depress TASK channel activity in gl...
	Figure 6.16 shows a representative all points histogram. Isoflurane 1.5% (purple) application results in an increase in channel activity. The application of isoflurane 1.5% in the presence of 400 nM PK-THPP (dark blue) leads to a depression, especial...
	Figure 6.16: all-points histograms revealing control, 1.5% isoflurane and 1.5% isoflurane + 400nM A1899.  Histogram was generated from 20 seconds segments of cell-attached recordings.
	Doxapram
	To examine if doxapram is able to depress TASK channel activity in the presence of a clinically relevant dose of isoflurane, both agents were combined and applied to glomus cells. First 1.5% isoflurane was applied to the cells followed directly by an ...
	Figure 6.17: Doxapram (50μM) depresses background TASK channel activity in rat type-1 cell in the presence of 1.5% isoflurane. Representative trace of TASK channel activity over (A) approximately 2 minutes and (B) superimposed over 1 second. % change ...
	Figure 6.16 shows a representative all points histogram. Isoflurane 1.5% (purple) application results into an increase in channel activity. The application of isoflurane 1.5% in the presence of 50μM doxapram (orange) leads to a partial inhibition whic...
	Figure 6.18: all-points histograms revealing control, 1.5% isoflurane and 1.5% isoflurane + 50M doxapram.  Histogram was generated from 20 s segments of cell-attached recordings.

	6.3.4 NADH auto-fluorescence measurements of A1899 and PK-THPP in glomus cell
	NADH auto-fluorescence measurements were carried out to observe, if there were any interactions between either compound and mitochondrial respiration in glomus cells. Either 400nM A1899 or PK-THPP was applied in standard Tyrode (21%O2 with 5% CO2). No...
	Figure 6.19: Representative traces of A1899 and PK-THPP on NADH autofluorescence. (A) Anoxia stimulus followed by the application of 400nM A1899 in normoxic conditions. (B) Anoxia stimulus followed by PK-THPP application in normoxic conditions.


	6.4  Discussion
	The experiments in this chapter demonstrate that application of PK-THPP, A1899 and doxapram decrease background TASK channel activity in native rat glomus cells and that the two novel inhibitors appear to be more efficient in doing so than doxapram. T...
	6.4.1 A1899 and PK-THPP on glomus cell TASK activity
	The results in this chapter suggest that application of PK-THPP, A1899 and doxapram decrease background TASK channel activity in native rat glomus cells. PK-THPP is the most effective inhibitor of TASK-channel and upon application, results in a rapid ...
	In most of the single channel cell attached recordings, it is believed that we predominantly observe TASK-1/3 channel activity, which typically has an average peak amplitude of 2.7pA (Turner and Buckler, 2013b). When looking at the all points histogra...
	The only previous study performed on a TASK-1/3 ‘heterodimer’ was carried out by Rinne et al. (2015). The authors investigated the effect of A1899 on TASK-1/3 concatemers and discovered that the orientation of the concatemer determined the amount of b...

	6.4.2 Clinical relevance of A1899 and PK-THPP
	With promising results in this chapter regarding the drug efficacy, and taken into consideration the positive results from (Cotten, 2013) who noted an increased minute ventilation by increasing tidal volume and breathing rate, one could hypothesize ab...
	Studying the effect of the inhibitors on human carotid body cells would be ideal. There is some evidence suggesting that the most promising drug for human use would be A1899. Immunohistochemistry studies performed by (Fagerlund et al., 2010) and micro...
	Another condition that could benefit from TASK blockers is obstructive sleep apnoea. This is a disorder characterised by repetitive partial or complete upper airway occlusion during sleep, leading to reduction of airflow and a decrease in arterial oxy...
	Limberg et al., (2011) showed with PCR studies that TASK-1 is expressed in human atria and auricles. Their single channel recordings revealed TASK-1 currents in cardio myocytes in right human auricles. The authors suggest that TASK-1 might be a drug t...
	Lastly, there are a few reports indicating a role of TASK channel overexpression in certain cancer cell types. Mu et al., (2003) identified in breast cancer samples that in 10% of the cases KCNK9 (encoding TASK-3) is amplified and overexpressed and su...
	To summarize, based on the existing literature and the experiments in this chapter, there appears to be a promising future for TASK blockers, which may not only extend to the treatment of carotid body related conditions, but also to a wide variety of ...



	Chapter 7.  Discussion
	7.1.1 Main findings 222
	7.1.2 Future work 224
	7.1.1  Main findings
	The primary aim of this thesis was to investigate how volatile anaesthetics depress the hypoxia sensitivity in the carotid body. My research started by examining hypoxia evoked Ca2+ entry and, following exclusion of a significant effect of anaesthetic...
	This thesis has achieved its primary goal and revealed that, in carotid body cells, hypoxia evoked Ca2+ entry is depressed by halothane > isoflurane > sevoflurane. Similarly, the activity of native carotid body TASK channels and that of rat-TASK-1 and...
	A further interesting result was that at the level of mitochondria, anaesthetics act in the same direction as hypoxia. All three volatile anaesthetics have an effect on both mitochondrial potential and [NADH]. Anaesthetics increase [NADH] and depolari...
	In the course of these investigations, I discovered the most intriguing finding that isoflurane behaved as a ‘partial agonist’ at the level of a single channel and, consistent with this, partially antagonized the effects of halothane (a strong agonist...
	A promising finding in this thesis for therapeutics is the effect of PK-THPP and A1899 native TASK activity. Both agents were able to profoundly reduce the native carotid body channel activity in the nanomolar range, even in the presence of 1.5% isofl...

	7.1.2 Future work
	Three different research questions arise from the findings presented in this thesis:
	1. How do anaesthetics interact (in detail) with TASK channels in order to increase the channel activity?
	2. What are the physiological implications of the anaesthetic effects on mitochondria?
	3. Is there a clinical use for the TASK channel antagonists?
	1. Anaesthetic interaction with TASK
	Infra-additivity: Classical receptor pharmacology?
	The most parsimonious explanation for the observed infra-additivity is the explanation of halothane and isoflurane competing for a common binding sites on the channel. However, our experimental design could not exclude the possibility (however remote)...
	One way to exclude such indirect effects, especially metabolic or mitochondrial, as contributors to an infra-additive effect of anaesthetic mixtures would be by repeating the experiments on TASK channels transiently expressed in HEK cells, but with a ...
	There is one other interesting variation of the classical receptor interaction theory as described above. Instead of competing for the same binding site on the TASK channels, isoflurane may also bind to an inhibitory binding site on the TASK channel. ...
	Other relevant research questions worth pursuing are:
	A. Do other agents (eg, sevoflurane, IV agents) also demonstrate interactive infra-additive effects on TASK channels like halothane and isoflurane?
	B. What is the effect (and interaction between) these agents in HEK cells transiently transfected with TASK-3 channels or the TASK-1/3 concatemer?
	C. What are the putative binding sites for volatile anaesthetics on the TASK hetero and homodimers.
	2. The physiological implications of the anaesthetic effects on mitochondria
	There are several general directions for future research based on the mitochondrial results obtained in this thesis. Intravenous anaesthetics like propofol are known to inhibit the hypoxic chemoreflex (Nagyova et al., 1995) but relevant studies seem s...
	The suggested interaction of these mitochondrial processes with ROS is interesting, because studies performed by Teppema et al. (2002), (2005) have suggested that ROS modulation (by pre-treating human volunteers with antioxidants) can prevent or rever...
	In relation to theories of narcosis by anaesthetics, although it has been shown that knockouts of complex I subunits (Quintana et al., 2012) or mitochondrial diseases (Morgan et al., 2002) influence sensitivity to anaesthetic agents in the intact anim...
	3. The clinical translation regarding treating the anaesthetic evoked depression of ventilation
	Regarding the novel antagonists, it would be of interest to further test the ability of these agents to stimulate breathing, for example in the treatment of anaesthetic induced depression of the AHVR and post-operative hypoxaemia in general in humans....
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